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ABSTRACT
Additive manufacturing, also known as 3D printing, promises a manufacturing revolution
for both industry and academic circles. One of the most widely used method of 3D printing is
Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF), which requires a
thermoplastic filament to be directed towards a heating block and then deposited via extrusion
layer by layer to produce a finished part. However, there are significant issues with this
technology, mainly a limitation on the materials available for use and mechanical property
deficiencies when compared to traditional manufacturing. These issues are brought about by the
temperature limited nature of the 3D printed process as well as thermodynamic limits that exist for
immiscible polymer systems. To this end, the key goal of this dissertation is the understanding of
our polypropylene (PP) and polyethylene terephthalate glycol (PETG) immiscible polymer system
as well as the development of three viable methods through which the issues pertaining to
multicomponent systems can be resolved.
Namely, we report here on the morphology and structure behind a PPwPETG hybrid
filament as well as the introduction of SiC whiskers as inorganic heating elements. First, the
PPwPETG hybrid filaments are melt blended, with differences in viscosity and concentration being
the controlling parameters behind final structure. These PETG inclusions serve as anchoring agents
that utilize fundamental diffusion principles to strengthen the polymer layer interface both
independently as well as when printed alongside bulk PETG.
The second part of the dissertation is devoted to the addition of microwave absorbent SiC
whiskers, which serve as localized heating elements that extend the amount of time above which
polymer chains are able to disentangle and diffuse without damaging the structural integrity of the
samples. In the final part of this work, we combine the hybrid filaments with SiCW additions so
ii

as to take advantage of the PETG anchoring as well as the additional heating elements. The
obtained results show significant improvements for both SiCW materials as well as
PPwSiCWwPETG materials following MW treatment.
Overall, this dissertation provides insights into utilizing diffusion principles to
circumnavigate the thermodynamic limits that restrict immiscible polymer systems in additive
manufacturing. Our understanding of the PP-PETG system as well as the addition of SiC whiskers
can not only improve this particular binary system but lays the groundwork for understanding other
immiscible polymer systems and expanding the range of 3D printable materials.
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CHAPTER ONE
INTRODUCTION
The field of 3D printing, also commonly referred to as Additive Manufacturing (AM) or
Rapid Prototyping (RP), was first developed by Charles Hull in the 1980s based of his work with
photopolymerization1, 2. Since then, the field has exploded, predicted to grow from a $6.1 billion
industry in 2016, to $23 billion in 20223, called the “third industrial revolution”4, with advances
in manufacturing, medical devices5, and with promises of a reduced environmental impact4.
Further research and development offer even more advances such as tailor-made devices for
individual consumers and parts that incorporate multiple materials with complex geometries and
added functionality6.
One of the most pressing FDM challenges is the limited selection of materials which can
be used in this technique, as the process requires that the filament has a viscosity high enough to
provide structural support but be low enough for proper extrusion7. Using only one material for a
whole 3D printed part can itself be a great challenge for most industries6. Another limitation is that
3D printed parts often lack strength, toughness, and reliability compared with parts produced
through traditional methods, such as injection and compressive molding8. Also, due to the nature
of FDM, 3D printed parts often suffer from anisotropic behavior with varying properties depending
on orientation of stress applied9. Printing with multiple polymeric and composite materials
however introduces a completely different issue, as a poor interaction between the materials
involved leads to weaknesses at the interface and phase separation10.
To this end, the goal of the work reported in this dissertation is the development and
understanding of hybrid filaments in FDM that can allow significant adhesion at the interface. By
1

improving these contact interactions, mechanical properties of the overall structure will be
improved and approach those of traditionally manufactured samples.
Therefore, the principal target of this work is improvement of mechanical properties of 3D
printed multi-material structures via the employment of multi component filaments. The work
was conducted as follows. First, the methodology for the preparation of the hybrid filaments was
developed. Next a thorough understanding of the behavior for the immiscible polypropylene and
polyethylene terephthalate glycol system was investigated. By printing these materials side by
side, we were able to observe the polymer-polymer interactions firsthand. It is well established
that due to the nature of FDM printing, mechanical weak points occur along the interface between
the extruded layers of different nature. This is caused by a number of parameters involved in this
non equilibrium process, but it is primarily controlled by viscosity, cooling rates, deposition, and
on a molecular level by interfacial tension and interdiffusion11.
In this respect this dissertation explores two concurrent methods through which the
thermodynamic limits in immiscible polymer systems can be overcome. The first is through the
employment of a hybrid filament which consists of both polymers involved. This approach takes
advantage of the diffusion mechanism found in homogenous polymer interfaces and incorporates
them into an additive manufacturing field. Adhesion across the interface is greatly increased
through an interlocking mechanism as entanglements are able to form. Interlocking is an example
of mechanical adhesion, which is when there is a positive contribution to the overall adhesive bond
strength from the two surfaces locking, like a key sliding into a lock, or two pieces of a puzzle12.
The second method explored is through the addition of SiC whiskers. As temperature is a
critical parameter in polymer diffusion, by adding microwave absorbing SiC whiskers, we are able
to provide localized heating elements that extends the time that the polymer chains have to
2

disentangle and increase the strength across the polymer interface. This is explored in both PP as
well as in the PP-PETG hybrid system. At each step, the morphology, structure, and properties of
the materials were characterized using scanning electron microscope (SEM), differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), and compression testing.
The dissertation is structured as follow:
•

Chapter 2 is a literature review of the additive manufacturing field, in particular the
method used in this work, fused deposition modeling, as well as a more in-depth
breakdown regarding material limitations and methods that have been explored to
ameliorate the mechanical deficiencies found in 3D printed parts

•

Chapter 3 establishes the baseline for PP printing and first introduces the use of PETG
inclusions as a method to improve mechanical properties through the formation of
anchoring points on the polymer layer surface. Attention is focused on the controlling
parameters such as viscosity and concentration that dominate final morphology of the
filaments.

•

Chapter 4 introduces the binary polymer system with the PP hybrid filaments and PETG
printed concurrently. The hybrid system is characterized and tested alongside the
unmodified system with DMA, and compressive testing utilized to determine efficacy of
the hybrid filaments to improve mechanical properties

•

Chapter 5 is devoted to the inclusion of microwave absorbent SiC whiskers in the PP
matrix that serve to extend the time above which the polymer chains are able to diffuse and
strengthen the polymer layer interface.

•

Chapter 6 is where the methodology utilized in Chapter 3 is combined with the SiCW to
create PPwSiCWwPETG filaments with the SiCW contained within the PETG inclusions.
3

This method takes advantage of the PETG inclusions as well as the localized heating
provided by the SiCWs.
•

Chapter 7 concludes this work by summarizing key findings

•

Chapter 8 briefly outlines future work

4
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CHAPTER TWO
LITERATURE REVIEW
This chapter covers the main scientific topics discussed within this dissertation. The
background is broken into three major sections. The first pertains to additive manufacturing, in
particular fused deposition modeling and the mechanisms involved in the printing process. The
second portion relates to polymer-polymer systems with an emphasis on those utilized in the FDM
process. And finally, the final section relates to the addition of additives and the properties that
they can impact on the polymer-based composites.
2.1: Fused Deposition Modeling.
As previously mentioned, Additive Manufacturing (AM) or 3D printing, offers a new
future in manufacturing for a variety of fields. Although a relatively new technology, 3D printing
has already made impacts in industry, where it has been embraced for its ability to create
prototypes and specialized parts with greater efficiency 1, as well as in the medical field where it
promises one of a kind devices, implants, and drug delivery systems 2. The field of 3D printing has
been predicted to grow from a $6.1 billion
industry in 2016, to $23 billion in 20223 and
has been called the “third industrial
revolution” by Forbes 1. It is precisely for all
these promises that the field has exploded in
interest in the last couple years.
Figure 2.1 Scheme of FDM5 Reproduced from
Ref [5] with permission from ACS Publications
6

While there are several kinds of 3D
printers, all of which have their own

advantages and specialties, Fused Deposition Modeling (FDM) has a market share of 44% of
thermoplastic based additive manufacturing and is currently the prevailing technology 4. A scheme
of the typical FDM is shown in Figure 2.15.
2.1.1: FDM Printing Process.
The process of 3D printing begins
before any material is touched. It
begins with a 3D design of your
desired part, which is then taken
over to a “slicing” software, where
the design is broken down into
layers and the toolpath that the
Figure 2.2: Steps in FDM Process6 Reproduced from
Ref [6] with permission from Royal Society of
Chemistry

printer will follow is established
(Figure 2.2)6. It is at this stage that
parameters such as temperature,

printing speed, bed temperature, and infill angle are all determined. These factors will be broken
down even further in the following section as they all directly impact the properties of the final
part. Additionally, it is at this point where it is decided if supports are required as there are some
design limits to the designs printed. As the printer extrudes a single line of heated polymer, there
will need to be a base of support to hold up the extruded part. The user is typically limited to
printing angles with less than 75 angle overhang, as well as a build volume restricted by the overall
size of your printer.
Finally, there are some variations even with FDM printers, in particular whether the machines are
enclosed, whether the printer has one or multiple nozzles, as well as the location of the drive motor
7

(whether the filament is extruded closer to the heating element or further). While these changes
offer advantages depending on the material used, the role in determining final mechanical
properties is not nearly as impactful as the factors discussed here.
2.1.2: Role of Temperature in FDM Process – Temperature Profile.
Once the design and the parameters have been set, the actual printing can begin. The FDM
is fed a filament with a certain diameter, usually between 1 and 3mm depending on the printer, at
a controlled rate which passes through a heating element. The melted thermoplastic is then
extruded at a set temperature according to the tool path generated and the finished part is built
layer by layer 7. The print is typically extruded onto a heated bed, which improves the adhesion of
the first layer by reducing the difference in temperature between the printing temperature and the
environment. It is at this point that the final properties of the printed structure are set, as any
diffusion that occurs between the polymer layers is limited to a relatively short period of time
during which the extruded filament is above its glass transition temperature. It is during this period
where the filaments are brought into contact that the quality of bonding is established8. Once the
material falls below this temperature, the polymer chains are set and no additional strength can be
attained from this process. Naturally, there has been a lot of attention determining the temperature
profile of the process.
The most direct method to do this is with either a thermocouple or through IR imaging9.
Through IR imaging, Vanaei et al were able to illustrate the impact that the subsequent layers have
on layer temperature, with each layer raising the temperature of the layer up until a certain height
(Figure 2.3)10. This study also raised another relevant point in regards to the printing speed raising
the overall temperature by having the nozzle pass over the same area at quicker intervals (Figure
2.4). The same point was made by Faes et al who were able to decrease the strength of printed
8

parts by increasing the number of parts printed and therefore creating additional time between
when the heated nozzle passes over a certain point11. Much in the same way, Lee et al were able
to illustrate how forced air cooling affected 3D printed PLA prints, with higher cooling speeds
lowering final mechanical strength12.
While IR imaging was able to give
good temperature readings of printed
polymer layers, Seppala et al found that
direct measurements of the interlayer weld
zone was hampered by reflections and
geometric considerations13. With these
limitations

understood,

to

better

approximate the temperature profile at this

Figure 2.3 Temperature profile for 3D Print10
Reproduced from Ref [10] with permission from
Springer

crucial polymer interphase, the field
introduced

utilizing

known

cooling

models and introducing them to the
dynamic FDM printing environment. Zhou
et al were able to model the printing
process with ANSYS software14, while
Figure 2.4: Effect of printing speed on layer
temperature10 Reproduced from Ref [10] with
permission from Springer

Macedo et al utilized ABAQUS software
to model the cooling and thermal stress
process of 3D printed parts15.

A thorough model which combined numerical simulation and experimental data was
proposed by Moumen et al, with this model approximating within 5% of experimental results16.
9

This model incorporated polymer properties such as thermal diffusivity with unique 3D printing
related parameters such as printed layer thickness to find the approximate temperature at various
printed layer heights.
2.1.3: Role of Temperature in FDM Process – Diffusion and Sintering.
While there is ample scientific literature regarding the role that temperature plays in
determining the strength of polymer interphases17, many of these fundamentals have not
necessarily been studied through the lens of additive manufacturing. It has been shown time and
time again that the strength of the finished part will be directly related to the time that the printed
part is above the glass transition temperature, with factors such as printing speed, bed temperature,
layer thickness, and printing temperature all used as methods of manipulating and extending this
time. A good visualization of this can be seen in Seppala et al.’s work where the weld time,
increased through the increase in printing temperature, directly impacted the final tear strength of
the printed structures (Figure 2.5).13
The reason behind all these improvements relating to increased temperature comes down,
at the local level, to polymer diffusion, as the ability of polymer chains to form entanglements and
strengthen the bond between polymer layers will directly relate to final mechanical properties. This
idea is built off the reptation model developed by de Gennes18 and later further developed by Doi
and Edwards19. In this model, the entangled polymer chain moves along the reptation tube with
motions in other directions limited by entanglements with other chains. While this model has been

10

consistent with measurements such as
neutron reflectivity measurements20,
Schnell et al. illustrated how this
interfacial length can be used to predict
critical

fracture

toughness

in

a

polystyrene-polystyrene system where
the interfacial length was controlled by
annealing time and the interfacial width
was measured21. These improvements

Figure 2.5: Increasing strength with increasing weld
time13 Reproduced from Ref [13] with permission
from Royal Society of Chemistry

are seen until the width reaches a
critical length and bulk strength is restored. On a larger perspective, this can be defined as
sintering. Sintering is a surface tension driven process where the system lowers its free energy by
decreasing its total surface22. While this process is applicable to all types of non-polymeric
materials such as metals and ceramics, in this work we are primarily interested in how this impacts
polymer based systems. For amorphous polymer particles, when they are brought into contact
above their glass transition temperature, the particles will decrease their total surface area and
coalesce23. One of the earliest methods of modeling this sintering behavior was described by
Frenkel through the following model24:
𝑥𝑥 2 =

3𝑎𝑎𝑎𝑎𝑎𝑎
2𝜂𝜂
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(2.1)

where x is the neck of radius formed
between two particles of radius a: γ, t, and η are
surface

tensions,

time

of

sintering,

and

Newtonian viscosity respectively. One of the
methods to visualize this process was done by
Rosenzweig and Narkis where poly(methyl
methacrylate)

(PMMA)

spheres

were

photographed through the sintering process
using a microfurnace and a microflex camera23.
Bellehumeur et al25. studied the effect that
particle size and viscosity played in sintering and
Figure 2.6 Bond formation between adjacent
polymer filaments27 Reproduced from Ref [27]
with permission from Elsevier

found that for their polyethylene resins, the
sintering rate was significantly increased with
lower molecular weight and lower viscosity.

Sintering is also increased with increasing particle size. While there have been several
modifications25, 26 since this model was first developed, the fundamental idea remains the same
and remains applicable in polymer engineering. At the additive manufacturing level, this same
phenomenon can be used to describe interactions between the printed polymer layer with the
adjacent polymer layers ideally undergoing the following steps: surface contact, neck growth, and
finally molecular diffusion at the interface (Figure 2.6)27. While measuring diffusion of individual
polymer chains requires specialized instrumentation and experimental set up, measuring sintering
and coalescence in 3D printing as a means of an effective print is relatively straightforward. By
examining the cross section of prints, one is able to determine the quality of the bond between
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polymer layers by measuring the empty space between the polymer filaments (Figure 2.7)28. Sun
et al. examined the sintering behavior in 3D printed ABS and concluded that neck growth
associated with sintering only occurs above a critical sintering temperature, which is limited to a
very short period of time during the 3D printing process29. Muhammad et al. investigated the effect
that variations in molecular weight had on 3D printed parts with ABS filaments of varying
viscosities and found poor coalescence and adhesion with an increase in viscosity30. Through these
studies we begin to grasp the importance of temperature in diffusion, sintering, and coalescence
within the 3D printing process as well as recognize it for the limiting factor that it plays.

Figure 2.7: Improved 3D printing demonstrated by reduction in void space
for PLA-PEG system (See Section 2.2.1): Neat PLA (a), PLA/PEG – 4-K
(b), PLA/PEG – 8 -K (c), PLA/PEG – 20 – K (d)28 Reproduced from Ref
[28] with permission from Elsevier
2.1.4: Mechanical Testing of 3D Printed Parts.
There are variations to the design, but this is overall how most FDM printers function. The
advantages of the machine are clear as they allowed relatively precise, complex, and individualized
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parts to be manufactured at a quite fast rate1, 31 without the waste material and associated added
cost that traditional manufacturing has32. Despite this, there are clear challenges to the technique,
as the temperature and viscosity dependent nature of the non-equilibrium process limits the range
of materials compatible with the technology 33.
Beyond material issues tied to printing conditions, the FDM parts also suffer from
anisotropic behavior where their final mechanical properties are highly dependent on the printing
orientation 34. This is due to the orientation in which the polymer filaments are extruded, which is
typically denoted as the raster or infill angle. Manipulation of this parameter can be done through
the printing path specified (Figure 2.8)35 or by shifting the orientation of the printed model (Figure

Figure 2.8: Different infill angles for 3D printed part: 0° (a), 90° (b), 0/90° (c), 45°
(d), and 45/135° (e)35 Reproduced from Ref [35] with permission from Springer
2.9)36. Chacon et al. found that maximum tensile stress for longitudinal parts were almost twice as
much as for those parts where they layers were transverse to the stress36. Shaffer et al. pointed that
due to anisotropy in 3D printed parts, tensile properties can be reduced by 85%, compression by
as much as 20%, and impact strength by as much as 90% 37. Gao et al.38 quantified the overall
anisotropy of their printed PLA system by comparing the tensile strength (σ) from two different
infill angles (Equation 2.2) and found a 0.6 value for neat PLA.
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𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 1 −

𝜎𝜎90◦
𝜎𝜎0◦

(2.2)

In traditional thermoplastic processing the

melting and cooling protocols are crucial in
determining

final

properties,

as

the

melt

temperature will dictate viscosity and degradation
rates, while cooling will control crystallization and
the development of residual thermal stress

39

.

Infrared imaging has shown that the FDM process
creates weak points at the layer interface with little

Figure 2.9: Build orientation of 3D
Printed tensile Sample36 Reproduced from
Ref [35] with permission from Elsevier

time given for the joint formation. For all these reasons the physical properties of most 3D printed
parts do not compare to those of traditional manufacturing 40. Indeed, the issues with as printed
parts are only further magnified when post processing techniques are introduced. Hart et al. were
able to double the toughness of 3D printed PLA parts through the use of post printing annealing
and controlled quenching41. Similarly, Windheim et al.42 found that the direction of the printed
layers played the biggest role in final properties but that annealing of PLA could offer moderate
increase in tensile strength depending on the temperature utilized.
2.1.5: Polypropylene in FDM.
While some key issues with 3D printing have already been touched on, many of these
issues are magnified when the printing material is not amorphous. As it stands, amorphous systems
dominate the 3D printing marketplace due to the issue of crystallization in semicrystalline
materials. This serves to limit the range of 3D printable materials. One such material of interest,
in particular in this work, is Polypropylene (PP). Isotactic polypropylene is one of the most
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commercialized thermoplastics in the world due to its comprehensive properties and low cost43.
It’s a very desirable polymer for a broad range of applications44 but limited in the field of 3D
printing due to significant amount of warpage and shrinkage induced by a high degree of
crystallinity which affects geometric accuracy during print45. Additionally, polypropylene is
highly apolar and as such, it does not readily adhere to most printing surfaces46. This only
magnifies the warping effect brought upon by crystallization (Figure 2.10).
Traditional forms of manufacturing typically have rigid molds, such as injection molding,
and controlled, uniform cooling
which

serves

to

mitigate

warping45. These controls are
not present in the 3D printing
environment, and as such, semi
crystalline

polymers

like

polypropylene have faced an

Figure 2.10: 3D printed PP warping46 Reproduced from
Ref [46] with permission from Springer

uphill climb to be fully utilized in this field. Various methods have been proposed for working
around these processing restraints, whether it’s through the addition of additives such as low
molecular weight hydrocarbon resins to reduce crystallinity44, or to printing onto specialized
printing beds where conical holes would allow material to flow and minimize warping43. When
working with polypropylene, the temperature is crucial for mitigating warping and shrinking
during the cooling process 47.
2.1.6: PETG in FDM.
Another material which has seen a growth in its use in the field of additive manufacturing
has been polyethylene terephthalate glycol (PETG). This thermoformable thermoplastic shares
16

many of the properties of polyethylene terephthalate (PET) and due to these mechanical and
thermal properties, it has become the third most used polymer in the 3D printing world48. PETG
is already well established in the fields of medicine, food, and electronic due to its chemical
resistance, biocompatibility, transparency, and recyclability49. In regards to 3D printing, one of the
advantages over PET is that PETG does not exhibit strain induced crystallization35. Beyond its
mechanical properties, its amorphous nature also makes it relatively straightforward to 3D print
and post print process. One of the methods in this realm was from Amza et al.48 who was able to
maintain the structural integrity of complex parts during annealing through the use of sodium
chloride powder as a packing medium. Mechanical properties were improved in the horizontal
direction and SEM revealed higher diffusion in heat treated parts.
2.2: Hybrid Polymer Systems.
One of the methods that has been suggested to overcome available material limits of FDM
is through the development of hybrid materials or composites. Composites have long been
considered as a solution to problems that cannot be met by one-component materials50 and in 3D
printing these composites offer a doorway to finished parts that can better compete with traditional
manufacturing51. By combining polymers, the catalog of available printable materials can be
expanded without significant changes to processing conditions as well as serve as a means to close
the gap between traditional manufacturing and additive manufacturing in regards to mechanical
properties. Printing with multiple materials however leads to a wide number of additional factors
to be accounted for, from concentration of additive, compatibility within the blend, to even the
printing order if multicomponent systems are not blended prior to print52.
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2.2.1: Polymer Additives.
One of the ways which polymer filaments can be modified is through the addition of
additives, where the bulk properties of the polymer in the major phase can still be utilized with
some change imbued from the additive. At lower concentrations, the use of polymer additives can
serve to manipulate viscosity without altering other printing conditions and theoretically improve
bonding between polymer layers. This was seen in the work of Ko et al. where their PC-ABS
system was modified with 5% and 10% plasticizers (Triphenyl Phosphate – TPP) to determine
how this impacted mechanical properties53. Their conclusion was that the addition of 10% TPP
improved flow properties of the polymer melt and lead to increased tensile strength. In a similar
way, Gao et al.28 utilized polyethylene glycol (PEG) with varying molecular weight in PLA to
examine the effect on mechanical properties, crystallization, and morphology. Their conclusion
found that the additive served as an effective method to improve interlayer bond strength and
reduce anisotropy, in particular their 8000 g/mol PEG (PEG 8-K), as well as reduce void space
when compared to unmodified PLA (Figure 2.7).
This concept was also expanded upon by Levenhagen and Dadmun54 who added low
molecular weight surface segregating additives (styrene-co-acrylonitrile (SAN), PMMA, and
PLA) to ABS for the promotion of layer
adhesion and a reduction in anisotropy. For the
addition of 33k PMMA and PLA, transversely
oriented ABS parts saw an increase of 40 and
25% respectively. One example of a successful
attempts at blending multiple polymers for FDM
was done by Panin et al but this was only
18

Figure 2.11: Reduction in warping in PP
system44 Reproduced from Ref [44] with
permission from ACS Publications

successful in improving processability of UHMWPE by the addition of a lower MW copolymer in
order to facilitate interdiffusion during 3D printing55. Beyond their impact on viscosity, polymer
additives can also serve to slow crystallization and allow for the use of semicrystalline polymers
in 3D printing. One such example was seen in a PP/Partially hydrogenated resin (PH) system
explored by Das et al.44 who were able to reduce the warping that is typically associated with PP
(Figure 2.11).
2.2.2: Polymer Blends in Additive Manufacturing.
When combinations of materials exceed a certain threshold, this opens them up to a new
set of possible challenges when it comes to their viability as structural sound feedstock in additive
manufacturing. One of the biggest obstacles faced in the use of multi materials is the interaction
between the materials themselves, as poor interactions will lead to decreases in overall properties.
This is an issue that predates the field of additive manufacturing with the issue commonly seen in
polymer melt blending, an approach that has become more and more popular in filament
fabrication due to the relatively straightforward nature of the process. Issues during this process
are caused by thermodynamic limitations that occur in the interfacial thickness between
immiscible polymers56. This limitation will cause the minor phase to aggregate and form a separate
phase above certain critical concentration thresholds. One example of this occurring in melt
blending was done by Dong et al. with a PP/Polycarbonate (PC) system57 which suffered distinct
phase separation due to poor interaction between the two polymers.
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In additive manufacturing this can manifest in either interactions at print if printing with
multiple filaments 58 or before if a melt blending approach is taken, where the multiple components
are blended into one finished filament. In these cases it is important to, beyond the interaction

Figure 2.12: PLA/PBAT System 100:0 (a), 90:10 (b), 80:20 (c), 70:30 (d), 60:40 (e)59
Reproduced from Ref [59] with permission from MDPI
between the polymers themselves, that the ratio between the polymers is carefully selected so as
the prevent total phase separation. An example of this can be seen in Figure 2.12, where a
PLA/PBAT system goes from PLA to a 60:40 split with PBAT59. Here we can visualize the
increase in phase size for the minor phase through the increase in concentration. For such
situations, it is important to consider the interactions between the two polymers so as to facilitate
mixing and improve the overall interactions as they relate to stress transfer.
SEBS, styrene ethylene butylene styrene, a compatibilizing polymer is one example of a
method that can be used to improve interactions, where the added agent can act with both phases60.
One example of its use is described by Torrado et al who was able to reduce the amount of
anisotropy through the use of compatibilizers in a Acrylonitrile Butadiene Styrene (ABS):Ultra
High Molecular Weight Polyethylene (UHMWPE): SEBS blend61. However, Torrada et al. was
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overall unsuccessful in other blends or with varying ratios. This exact system was further studied
by Rocha et al that revealed through SEM the insolubility of UHMWPE in the ternary blend, as
well as the solubility threshold of ABS and SEBS in the binary blend62.
An additional method is the use of modifying one of the polymers or even the
compatibilizer itself utilized, such as through the use of Maleic Anhydride (MA) or glycidyl
methacrylate63. This is certainly a method that should be a case by case situation depending on the
components used and desired application, and is just one additional factor to keep in mind when
working with polymer blends64. Zander et al.65 was able to make use of both SEBS and MA to
fabricate 3D printable materials from recycled PP, PS, and PET materials.
2.3: Inorganic Reinforcements in FDM.
Another significant field of work for FDM is in the addition of inorganic additives for
reinforcement of finished structures. The idea being that these additives can imbue the finished
parts with additional functionality or enhanced mechanical properties that will make them
comparable to those of traditional manufacturing. In this field there has been plenty of work with
varying degrees of success. Spoerk et al. was able to improve polypropylene’s structures via the
addition of glass spheres, showing a correlation between the size of the spheres and the final
mechanical properties66. Carneiro et al. was likewise able to improve the modulus and strength of
PP through the use of glass fibers by 30-40%67. Pan et al. was also successful in improving the
properties of recycled filaments to an extent by the 1% addition of metallic powders68. These are
just some examples showing improvements in 3D printed polymer structures through the addition
of inorganic nano-additives69 although certain roadblocks and challenges still persist. For example,
while a reinforcement agent might improve mechanical properties, if it increases the viscosity of
the printable filament, it can have a net negative result in final properties due to a reduction in
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overall interlayer diffusion27. Likewise, a decrease in melt viscosity will improve coalescence and
reduce void space for other systems38. Additionally, if both polymer additives and inorganic
additives are used in the same system, special consideration should be placed on processing
conditions and morphology70.
2.3.1: SiC Whiskers.
Silicon Carbide is an environmentally friendly, biocompatible ceramic engineering
material whose superior thermal and mechanical properties71 give it broad applications in
electronics, biomedical, and energy applications72. Advancement in synthetization techniques have
made SiC one of the more affordable materials in bulk volume73. When it comes to polymer
composites, the use of SiC has been shown to offer increases in mechanical properties by serving
as a reinforcement agent74. This has also extended to efforts within additive manufacturing with
varying methods used for filament fabrication75.
While SiC has many favorable properties, for ideal dispersal within a polymer matrix, it
can be of interest to treat the surface in some manner. One of the most common ways to do this is
either through the use of organosilanes to treat the surface of SiC or by grafting polymers with
suitable terminal groups either onto the surface or grow the polymer chain from the surface76.
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Beyond those properties already discussed, SiC whiskers are also valuable for their ability
to serve as electromagnetic wave absorbing dielectric materials. Aissa et al.77 was able to
demonstrate up to 96% of microwave EM irradiation was absorbed and converted to heat for SiC
films. The nature of this mechanism is tied to the structure of SiC, with permanent Si-C dipoles
re-orienting with the microwave electric field. Microwaves, with a frequency greater than 1 GHz
and wavelengths smaller than 103 mm, will cause dipolar polarization in materials like SiC, which
will convert the radiation to heat from the vibration/rotation (Figure 2.13)78. The use of such
materials combined with polymer matrices is very appealing, as heat treatments can be used for
post processing purposes such as joining and/or repairing damaged interfaces79. While polymerbased systems can be treated through conventional means such as ultrasonic welding, microwave
heating offers distinct advantages such as being a method of volumetric heating (heating all the

Figure 2.13: Schematic of materials with dipole molecules subject to an
alternating electromagnetic field78 Reproduced from Ref [78] with permission
from Elsevier
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way through), allowing shorter processing time, less power consumption, and higher efficiency79.
It also offers excellent depth of penetration for polymer-based systems78.
2.3.2: Functionality from Additives and Other Dielectric Materials.
As has been stated previously, the use of additives can serve as a method to improve
mechanical properties in 3D printed parts through the fabrication of reinforced composites.
Beyond this, additives can also offer some benefit in the realm of post processing. One of these
methods is in their ability to provide additional heating or improve thermal conductivity and
therefore extend the amount of time that the polymer matrix has to diffuse and strengthen. These
dielectric materials follow the main ideas discussed in our SiC section regarding their microwave
absorbance, although each system will require unique processing conditions depending on the
material and polymer matrix. One such system is seen in the work of Sweeney et al.80 who created
a unique printing set up where PLA filaments went through a carbon nanotube coating process
prior to printing. Following this, the samples could be treated with microwaves to improve the
adhesive strength between the printed layers (Figure 2.14). However, even in what seems like a
straightforward case, it is important to regulate the temperatures reached by the polymer, in
particular regarding semi crystalline materials. Beyond the concern of degrading the polymer
matrix if temperatures are too high, when temperatures exceed the cold crystallization temperature
for semi crystalline polymers, in a 3D printed structure, crystallization will actually slow down
interlayer diffusion as the crystals do not cross the boundary between the printed polymer layers27.
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Figure 2.14: Microwave treatment on PLA – CNT system to promote
diffusion80 Reproduced from Ref [80] with permission from AAAS
There are many other such examples, where the inorganic additive either serves to reinforce
the polymer matrix, serve as a heating element, to resolve anisotropy within a 3D printed part, or
provide additional functionality. Ding et al. utilized PLA reinforced with carbon fiber (CF) to
illustrate 8.37% and 23.93% improvements in tensile strength in the x and y direction respectively
following microwave treatment81. Wu et al.82 increased the relative dielectric permittivity in an
ABS composite through the addition of BaTiO3 ceramic micro-particles, a binder, and a plasticizer.
Similar to how the concentration and interaction between polymer blends had to be
controlled, it was very important that the amount of inorganic additive was carefully regulated.
Rostom and Dadmun83 created a PLA-graphene composite, where improved thermal conductivity
increased inter-filament diffusion at low graphene concentrations. Once concentration exceeded
0.5%, polymer diffusion was slowed and there was an increase in the void space. This was
explained as being caused from the presence of graphene sheets restricting the polymer chains. A
similar issue occurred with Bhandari et al.’s carbon fiber reinforced PLA and PETG systems where
interlayer diffusion was restricted by the additive27. This issue with concentration works both ways
depending on what functionality is desired. For example, Zhang et al.4 created an ABS-carbon
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nanotube (CNT) composite which only demonstrated electrical conductivity following microwave
treatment once a percolation threshold was crossed.
2.4: Conclusions.
In conclusion, the field of additive manufacturing has opened many new possibilities in a
wide variety of fields. However, as it stands, the field is dominated by amorphous polymers due
to the issue of crystallinity brought upon by the more engineering focused semi crystalline
materials. In addition to this material limitation, 3D printed parts suffer from anisotropy as well as
general weakness when compared to traditional manufacturing due to the difficulty in attaining
meaningful adhesion between polymer layers. Two main methods of resolving this issue were
examined, the use of polymer blends and the use of inorganic additives. The use of polymer blends,
either in minute concentration or in larger ratios, while useful regarding their ability to hinder
crystallization, requires careful consideration regarding the resulting morphology so as to avoid a
co-continuous structure. The use of inorganic additives has given much more encouraging results
although these too come with their own set of issues, in particular with how they impact
coalescence and diffusion at the critical polymer-polymer interface. Therefore, in the next chapter
we will explore how the fundamentals of polymer engineering can be utilized to fabricate the
hybrid filament material.
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CHAPTER THREE
POLYPROPYLENE-BASED 3D PRINTED MATERIALS REINFORCED WITH
POLYETHYLENE TEREPHTHALATE GLYCOL INCLUSIONS
3.1 INTRODUCTION
Polypropylene is one of the most widely used thermoplastic polymers in the world, known
for its mechanical properties, processibility, chemical resistance, and low cost1. Due to its
widespread use, there is ample interest in implementing it in 3D printing techniques such as Fused
Deposition Modeling (FDM), also referred to as Fused Filament Fabrication (FFF). However, like
other semicrystalline polymers, the 3D printing of PP faces significant obstacles mainly from the
dynamic and rapid cooling of the 3D printing process, which leads to significant volume shrinkage2
as crystallization3 occurs as well as limited diffusion at the interface4. Additional issues include
poor adhesion to most printing bed materials, leading to additional surface treatment for the
printing process to begin5. The volume shrinkage, which can result in warpage of the printed parts,
in particular, can greatly impact final products as crystallization can vary within an individual 3D
printed part due to print patterns, material thickness, or regions where printing speed is slowed6.

Figure 3.1: Schematic of PP shrinkage during 3D printing3. Reproduced from Ref [3] with

permission from Springer
A scheme of this warpage can be seen in Figure 3.13. Due to these difficulties with semicrystalline
polymers, the field of FDM 3D printing is dominated by amorphous polymers (Acrylonitrile
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Butadiene Styrene - ABS) or those with slow crystallization rates such as polylactic acid (PLA)7.
While these materials work for certain applications, such material limitations greatly hinder the
overall feasibility and growth of the 3D printing material portfolio.
In this part of our study, we demonstrated that through the addition of PETG inclusions to
PP filaments (Figure 3.2), we obtained a significant reinforcement effect following the 3D printing
process when compared to PP. This reinforcement effect is caused by taking advantage of the
amorphous nature of the PETG inclusions connecting PP filaments. From reptation theory8, we
know that polymer chains, when above their glass transition temperature, are able to diffuse and
regain bulk strength between the polymer surfaces brought into the contact. Thus, by adding PETG
additives, we can create anchoring points that strengthen the polymer interface.

Figure 3.2: Schematic of strengthening PP filament boundary in printed
structure with PETG inclusions.
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While reinforcement of polymers through inorganic and organic additives has been done for some
years to improve bulk properties1, the introduction of an immiscible polymer pair raises major
issues when it comes to aggregation and overall stress transfer between the phases. Careful
consideration must be placed when working with such a system. To this end, this chapter is focused
on the improvement of 3D printing polypropylene through the addition of PETG micro-scale
inclusions, examining the morphology of materials, as well as mechanical testing of printed
structures. While there has been interest in optimizing PP for 3D printing4 as well as reinforcing
the material through additives5, to the best of our knowledge, this hybrid filament pairing has not
been studied to the extent that is shown here.
3.2 EXPERIMENTAL
3.2.1: Fabrication of Filaments.
The first step experimentally was in
extruding the pure polymer filaments as well as
fabricating the hybrid filaments. For PETG, a
commercial filament9 was purchased with 1.75
mm diameter and was used as is, but the pure PP

Figure 3.3: Noztek extruder.

Material

Vendor

Tg
(°C)

Tm
(°C)

Density (g/cm3)

MFI (g/10 min)

Polypropylene

Braskem

-5 – 0*

163*

0.91

1.3

PETG

BASF

71

N/A

1.329

12.5*

Table 3.1: Properties of PP and PETG used in this work provided by vendor
*found experimentally
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filament, utilizing purchased PP pellets10, and the hybrid PP/PETG filaments were extruded by us
(Table 3.1). A Noztek single screw extruder was used at 230 °C for extrusion with a 1.75 mm die
(Figure 3.3). The PP pure filament was prepared by placing pellets in a hopper for 15 minutes for
preheating before initial extrusion. Extruded filament was chopped up and fed back into the
extruder for a second extrusion with the filament diameter kept as close to 1.75 mm diameter
through the Noztek spool winder control system. The filament was checked manually via caliper
as a final inspection. Hybrid filaments of 1%, 2%, 3%, and 5% PETG by weight were extruded
through this procedure with the PETG addition being manually dry mixed with PP pellets prior to
being added to the hopper. In volumetric terms, those same filaments will be referred to as 0.7%,
1.4%, 2.1%, and 3.5% respectively. Following the second extrusion process, the filaments were
checked for appropriate filament diameter. Filaments with too large diameters would clog the
printer, while too thin filaments would lead to under extrusion. Additionally, due to the importance
of viscosity and flow
MFI (g/10min)

behavior at the process
14

temperatures in final

12

as well as how it
impacts the materials’

MFI (g/10min)

filament morphology,

10
8
6

ability to coalesce, the

4

filaments

2

were

also

tested with the Melt

0

PP - Pellets

PP - Fiber

Sample

Flow Indexer (MFI –

Figure 3.4: MFI Results.
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PETG

XNR 400 RUIHUI Electronics Co.) under standard conditions for PP (230 °C, 2.16 kg) (Figure
3.4).
3.2.2: Filament Characterization with Differential Scanning Calorimetry (DSC).
The thermal behavior of the polymers was examined with DSC to determine the effect of
composition for the hybrid samples, as well as the effect of multiple high-temperature extrusions
for all materials. The DSC utilized was a TA Q1000 with tests run with a 20 ℃/min heating rate
in a nitrogen gas environment. The temperature range used was from -50 °C to 200 °C, which
encapsulated the major transition temperatures for PP and PETG. Aside from the thermal
transitions, the effect of the PETG additive on crystallinity was also examined for the
semicrystalline PP-based hybrid filaments.
3.2.3: Scanning Electron Microscopy (SEM) Imaging of Filaments.
One of the most important questions in our work was the location and phase size of the
PETG additive within the filament. To create greater contrast between the PP matrix and PETG
inclusion in SEM imaging, Hexafluoro isopropanol (HFIP) solvent was used to extract PETG
selectively. To this end, a Hitachi SEM 4800 and SEM 6600 were utilized to examine the filament
cross-sections. Samples were prepared through the cryogenic fracture method, where the filaments
were cooled down with liquid nitrogen before fracture to minimize warping and plastic
deformation. The samples were also coated with Pt as is standard for SEM imaging in a vacuum
where the electric charge can build on the surface of non-conductive surfaces.
3.2.4: XPS Measurements of Filaments.
For efficient interdiffusion, the PETG phase should be available at the polymer surface to
diffuse rapidly during the printing process. X-Ray Photoelectron Spectroscopy (XPS), which is
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capable of determining the atomic composition of samples at the surface level, was conducted on
the extruded filament before and after 3D printing to determine the amount of polymer additive at
the surface as well as overall oxidation. For the filament samples, materials were taken following
the filament fabrication step. XPS measurements were conducted by Dr. K. Koehler (Electron
Microscopy Facility, Clemson University).
3.2.5: 3D Printing Process.
The printer used was a dual-feed Builder FDM 3D Printer (Figure 3.5) with a dual feeder
and direct drive printing head. The printer was capable of
reaching a temperature of 260 ℃ and was also equipped
with a heated bed for improved bed adhesion. Another
advantage of this type of printer over the conventional type
was its fixed printer frame, which meant that the bed only
moved in the Z direction and gave additional stability to
the prints. In order to reduce the number of factors
impacting the adhesive strength between the multicomponent prints, all samples were printed at 230 ℃ onto
a 40 ℃ heated bed with the same printing speeds.
Designs were made on Solidworks software, and
printing parameters were finalized on Slic3r software with

Figure 3.5: Builder 3D printer.

0.4 mm layer height, 100% infill, 60 mm/s parameter speed, 80 mm/s infill speed, and 130 mm/s
travel speed. The main samples for testing were plates for dynamic mechanical analysis (DMA)
and cubes for compression stress-strain testing (Figure 3.6), and measurements of multiple
samples were done to accommodate for any slight differences from the printing process. Finally,
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a thin PP film was taped onto the heated bed to improve initial adhesion due to the poor bed
adhesion that exists with PP printed structures and the glass printing bed. Once the first layer was
successfully printed, the rest of the print could be finalized.

Figure 3.6: Slic3r models for DMA (left) and compression (right) samples.

3.2.6: DSC of Printed Samples.
Parameters for DSC analysis of the printed samples were the same as what was used for
the filaments. The major difference was that these samples were collected following the printing
process. As such, the samples had undergone the additional heating step during the printing
process, the elevated bed temperature, and any additional stress associated with the extrusion.
3.2.7: SEM Imaging of Printed Samples.
While the parameters used for the SEM were the same as those used for the filament
samples (cryogenic fracture followed by Pt coating for vacuum imaging), the sample collection
step was significantly different. Unlike before, when the thicker extruded filaments were studied,
the samples used for this SEM imaging required the removal of the printing bed so that the printer
printed onto the air. Then as the printer printed like it normally would, the extruded material was
instead collected with the reduced thickness and having undergone this final heating step. One
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additional step was the use of HFIP solvent, which selectively extracted the PETG additive. This
step was done twice to ensure the minor phase was removed, and the samples were then allowed
to dry. These extracted printed filaments were then prepared as before for SEM imaging. For
calculation of the average diameter of the minor phase, Image J software was used on 10x10 µm
images to calculate the phase size of the individual PETG additive.
3.2.8: XPS Measurements of Printed Samples.
XPS was conducted on the extruded prints. The main difference between the printed
samples and the extruded filaments was the additional heating step as the printed material went
through the printing process and the sample diameter reduction. The extruded filament had the
requirement of being 1.75 mm to be printed on the printer, but the extruded filament was limited
by the nozzle size and had a diameter of 0.4 mm (400 microns).
3.2.9: Dynamic Mechanical Analysis (DMA) of printed samples.
DMA was utilized to record the storage modulus, the loss modulus, and the tan delta to
investigate the viscoelastic properties of the printed materials as a function of temperature. The
strain rate chosen was 5 Hz with a 5 µm oscillating amplitude. The heating rate was 2 ℃/min and
the temperature range was chosen from -50 °C to 120 °C, which allowed the elastic and viscous
response to be observed below and above the glass transition temperatures for both PP and PETG
materials. For any mechanical test, the printing orientation also plays a critical role, as the
mechanical properties will be quite different if the stress is applied perpendicular or parallel to the
filament orientation. Stressing a 3D printed sample with the force perpendicular to the polymer
layers will lead to the lower limit as the bulk properties of the part are limited by the ability of the
stress to be transferred via the layer interface, while stressing a sample in line with the printing
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orientation will stress the polymer properties. Our studies mostly utilized a printing orientation
with a 45° infill, which struck a good balance between having the material oriented parallel or
perpendicular to the constant strain rate.
3.2.10 Compression Testing.
In addition to the DMA testing, 1 cm3 cubes were printed. Three parallel samples were
fabricated and then tested on an Instron with a 10 mm/min compression rate. Using the starting
sample size and measured cross-sectional area, we built stress and strain plots from the raw data.
3.2.11: Density Measurements for 3D Printed Samples.
The density of the printed samples was determined and compared with the density of
compression molded samples. In this experiment, we estimated the level of sintering attained in
the course of printing, as higher sintering of adjacent polymer layers leads to a decrease in empty
space in the 3D printed structure. By taking the measurements of 3D printed structures and
weighing said samples, one can calculate how the density of the 3D printed sample changes with
the increasing amount of PETG additive.
3.3 RESULTS AND DISCUSSION
3.3.1: Interfacial Situation.
The scientific literature shows that the strength of two polymer surfaces welded together is
directly tied to the degree of interdiffusion at the boundary11. To regain the bulk strength and attain
interfacial healing, the polymer chains must diffuse a total distance equal to 0.4Rg where Rg is the
radius of gyration12. The time it takes this to occur is tied to a variety of factors including the
diffusion coefficient of the macromolecule, the composition of the polymer surfaces, the
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temperature profile, and the molecular weight of the polymer chains themselves. To gain a better
understanding of this phenomenon for this particular system, an extensive literature search was
done to find a comparable temperature profile as well as measured diffusion coefficients for both
PP and PETG. This would allow us to understand what level of adhesion we might be able to
achieve in ideal conditions.
As previously discussed, the strength of two polymer surfaces brought in contact above a
certain temperature is controlled by the degree of interpenetration that occurs. The polymer chains
at the boundary must diffuse and create an interphase between the two surfaces whose strength
depends on the amount of entanglements that are able to form. The amount of time that it takes for
entanglements to form so that bulk strength is regained is further connected to the diffusion
coefficient of the respective polymers. To complicate matters further, the diffusion coefficient
itself varies in respect to the polymer’s molecular weight as well as the temperature. According to
reptation theory8, higher temperature will lead to a greater diffusion coefficient, while increase in
molecular weight will have the opposite effect, slowing diffusion and increasing the overall
distance the chains must pass. To fully understand this system, literature as well as experiments
were conducted to establish a baseline diffusion coefficient-temperature relationship for both PP
and PETG used in this work.
Temperature Profile
El Moumen et al. developed a thermo-mechanical model which allowed us to estimate the
temperature at any point during the printing process (Equation 3.1)13:
𝑇𝑇 = 𝑇𝑇𝐶𝐶 + (𝑇𝑇𝑚𝑚 − 𝑇𝑇𝐶𝐶 )

∆ℎ

�𝜋𝜋𝜋𝜋𝜋𝜋
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exp (−

𝑍𝑍 2

4𝜑𝜑𝜑𝜑

)

(3.1)

where T is temperature (K), Tc is the chamber temperature (K), Tm is the temperature of the newly
deposited layer (K), Δh is the layer thickness (m), ϕ is the thermal diffusivity (m/s2), t is time (s),
and Z is the layer height (m). Thermal diffusivity can be found through its relationship to a
Property
Definition
PP
PETG
material’s
heat
Tc (K)
Chamber Temperature
298
298
capacity14, density, and
Tm (K)
Printing Temperature
503
503
thermal
conductivity.
Δh (m)
Layer Thickness
0.0004
0.0004
This model was found to
pi
3.14
3.14
give an approximation
t (s)
Time
that was less than 5%
Φ (m/s2)
Thermal diffusivity
1.15E-07
1.04E-07
from what was measured
k
through experiments and
(W/m*K)
Thermal conductivity
0.22
0.27
is widely applicable to
C
other polymer systems
J/(kg*K)
Heat Capacity
2050
1950
beyond what was initially
ρ
studied. For our work,
(kg/m^3)
density
910
1329
first, the temperature
Z (m)
layer height
0.004
0.004
profile for PETG printing
and then the temperature
profile for PP printing

Table 3.2: Thermal properties for cooling profile modeling14.

(Figure 3.7) was calculated. As each material has distinct thermal properties, it was important to
distinguish the two profiles. We also only focused on the first layer temperature, setting Z fixed at
a 0.4 mm layer height which was consistent with the printing regimen. A full list of the respective
properties used in the estimations for PP and PETG can be found in Table 3.2.
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The importance of the cooling profile is twofold. First, polymer mobility is directly tied to
the system’s temperature through its relationship with diffusion. Second, polymer chains are only
able to diffuse significantly above certain key temperatures. For the amorphous PETG, this
temperature is above the glass transition temperature of 71°C. For PP, while the glass transition
temperature is significantly lower (closer to 0 °C), chain mobility is severely limited once
crystallization occurs (around 110 °C for PP, see section 3.3.2 for more details). We concluded
from the temperature profile that PP would cool down slightly faster than PETG and reach its
stopping point in diffusion considerably sooner, not even making it to the 3 s mark before diffusion
is restricted. PETG, on the other hand, after about 1 s, has a somewhat more gradual cooling which
allows for additional diffusion to occur. PETG spends around 6 s above its Tg during the 3D
printing process.

PP
PETG
240

Temperature (°C)

220
200
180
160
140
120
100
80
0

1

2

3

4

5

6

Time (s)

Figure 3.7: PP and PETG cooling profile during printing.
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Molecular Weight
Following the temperature profile, the next step was identifying the molecular weight of
the industrial PETG and PP polymers. The diffusion rate has a pronounced dependence on
molecular weight. For PETG, the molecular weight was calculated through its relationship with
viscosity. Melt Flow Index (MFI), an industrial technique which serves as a practical indicator of
rheological behavior15, results can be utilized to find the viscosity of a polymer if other quantities
(Table 3.3) are known (Equation 3.2)16:
𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑘𝑘𝑘𝑘𝑘𝑘𝑃𝑃𝑅𝑅4
8𝜂𝜂𝜂𝜂

(3.2)

where MFI is the melt flow index, k is 600s (10 min), ρ is the polymer density (g/cm3), P is the
pressure (g/cm*s2), R is the die orifice radius (cm), L is the orifice length, and η is melt viscosity
(Pa*s). By doing Melt Flow Index measurements at various temperatures, we developed the
relationship between temperature and viscosity for this system (Figure 3.8). The estimated line is
calculated through the least square method of
linear regression, which works by minimizing

Outlet Diameter (cm)

0.2

the square difference between our measured

Outlet Length (cm)

0.8

Inner length (cm)

15.2

Weight (kg)

2.16

Pressure (g/cm*s2)
Piston Rod Head Radius
(cm)

3005369

result and the fitted line.
From Wool17, the relationship between viscosity
and molecular weight can be expressed in the
following equation if the molecular weight is
above the critical molecular weight (Equation

Table 3.3: Parameters for MFI Calculations.

3.3):
𝜂𝜂 ≈ 𝐾𝐾𝐻𝐻 𝑀𝑀𝑊𝑊 3.4
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0.47375

(3.3)

where η is melt viscosity, Mw is the molecular weight of the polymer chain, and KH is a constant
for polymers with a high degree of polymerization. The power dependence of 3.4 highlights the
importance that entanglements play in viscosity above the critical molecular weight. Utilizing
literature values for known viscosities and molecular weights18, we solved for KH of PET. Utilizing
this KH value with the experimental viscosity values and using the 3.4 power relationship
previously mentioned, we estimated a MW of 58,000 for PETG. Values associated with PET were

Theoretical Viscosity
Experimental
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Viscosity (Pa*s)

2000
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Figure 3.8: Viscosity vs temperature dependence for PETG.
used for these calculations due to the overall similarities and abundance of prior literature covering
PET diffusion dynamics19. The end to end distance for the PET value was found using the
following relationship (Equation 3.4):
<𝑟𝑟 2 >

�

𝑀𝑀

� ∗ 𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃
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(3.4)

where the (r2)/M relationship from literature is equal to 7x10-17 cm2*g/mol20. The end to end
distance for this molecular weight (58,000), which was used for further calculations regarding
interpenetration depth needed, is 4x10-12 cm2.
The determination of PP molecular weight was more straightforward as the relationship already
existed in the literature that directly correlated MFI values to molecular weight21. Using PP MFI
value, we found a MW of 412,000 for PP in this work (Figure 3.9).

Figure 3.9: MFI to MW relationship for PP.21 Reproduced
from Ref [21] with permission from Wiley

Diffusion Aspects
While the relationships between the diffusion coefficient and temperature/molecular
weight are well known, measuring the diffusion coefficient under known conditions is still
necessary. The diffusion coefficient can be directly measured but requires specialized synthesis of
the polymers with different molecular weights or a unique experimental setup. However, for
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amorphous polymers like PETG, the diffusion coefficient is directly linked to viscosity via
Equation 3.522:
𝐷𝐷 =

𝐺𝐺𝑁𝑁 𝑅𝑅𝑔𝑔 2

(3.5)

6𝜂𝜂

where GN is the plateau modulus (dynes/cm2), η is viscosity (g/cm*s), and Rg is the radius of
gyration (cm). The radius of gyration was found through its relationship with the square end to end
distance of PET20 given the estimated MW (Equation 3.6)12.

With

this

relationship

𝑅𝑅𝑅𝑅 =

<𝑟𝑟 2 >0.5
√6

(3.6)

established,
Gn
<r^2>
Rg

calculation of the needed variables was
relatively straightforward. The plateau modulus
was found via DMA results (Figure 3.30) while

PETG Properties
50000000
dyne/cm2
4.1E-12
cm2
8.3E-07
cm2

Table 3.4: Parameters of PETG.

the radius of gyration can be found from the polymer chain’s end to end distance20 (Table 3.4).
Calculations for PET were done with Equation 3.4. To calculate viscosity, we utilized the MFI
results at varying temperatures as was described in the prior section (Figure 3.4). Utilizing

Temperature
(°C)

Viscosity
(Pa*s)

Diffusion
Coefficient

Ln D

1/T (K)

210

22732.1

2.5E-10

-22.1

0.0021

230

5770.5

9.9E-10

-21

0.002

250

3948.2

1.4E-09

-20

0.0019

270

1368.9

4.2E-09

-19.3

0.0018

Table 3.5: Diffusion parameters for PETG.
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Equation 3.5, we could solve for the diffusion coefficient of PETG at various temperatures. The
results from these estimations can be seen in Table 3.5.
To have a more thorough view of the relationship between temperature and the diffusion
coefficient, we graphed the natural log of the diffusion coefficient against the inverse of
temperature (Figure 3.10). At temperatures noticeably higher than the glass transition temperature
PETG Data
Best Fit Line

-19.0
-19.5

lnD

-20.0
-20.5
-21.0
-21.5
-22.0
-22.5
0.00180

0.00185

0.00190

0.00195

0.00200

0.00205

0.00210

1/T (1/K)

Figure 3.10: PETG LnD vs 1/T.
(as we were), the relationship between diffusion and temperature can be expressed through an
Arrhenius equation23. Solving this equation would allow us to predict the diffusion coefficient
across a broad range of temperatures. The Arrhenius equation can be seen in Equation 3.7:
𝐸𝐸𝑎𝑎

𝐷𝐷 = 𝐷𝐷0 𝑒𝑒 𝑅𝑅𝑅𝑅

(3.7)

where D is the diffusion coefficient, D0 is the pre-exponential factor, Ea is the activation energy,
R is the universal gas constant, and T is temperature. Rearranging this equation gives us the
following form where we can more clearly identify the slope and intercept points (Equation 3.8).
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−𝐸𝐸𝑎𝑎

𝑙𝑙𝑙𝑙𝑙𝑙 = �

𝑅𝑅

1

� ∗ � � + 𝑙𝑙𝑙𝑙𝐷𝐷0
𝑇𝑇

(3.8)

Graphing out calculated points (Figure 3.10) we can solve for all the values needed to find
the Arrhenius relationship for PETD used in this work, Equation 3.9:
−96200

𝑙𝑙𝑙𝑙𝑙𝑙 = �

𝑅𝑅

1

� ∗ � � + ln (4.7)
𝑇𝑇

(3.9)

PP is a semicrystalline polymer, so we could not use the same procedure to find the
diffusion coefficient. However, there is ample literature regarding the diffusion coefficient of PP.
In particular, Li et al. work was instrumental due to reporting diffusion coefficients at various
temperatures for PP24. While the diffusion coefficients were above the critical molecular weight,
they were still below what we had in this work (106,000 vs 412,000 in this work). As the diffusion
coefficient scales with molecular weight to the negative second power12, we were able to adjust
these values for this system using this relationship. Similar to what was done with PETG, the
natural logs of the diffusion coefficients
were graphed against the inverse of
temperature to find the pre-exponential

T (K)
453
463
473

Diffusion
Coefficient
5.8E-14
9.9E-14
1.45E-13

1/T (K)
0.0022
0.0022
0.00211

LnD
-30.5
-29.9
-29.6

coefficient and activation energy for the
Table 3.6: Diffusion parameters for PP24.

Arrhenius equation (Table 3.6 and

Figure 3.11). The finalized version of the equation allowed us to find the diffusion coefficient
across broad temperature ranges (Equation 3.10).
−81700

𝑙𝑙𝑙𝑙𝑙𝑙 = �

𝑅𝑅

1

� ∗ � � + ln (1.56 ∗ 10−4 )
𝑇𝑇
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(3.10)

PP Data
Best Fit Line

-29.4

-29.6

lnD

-29.8

-30.0

-30.2

-30.4

-30.6
0.00210

0.00212

0.00214

0.00216

0.00218

0.00220

0.00222

1/T (1/K)

Figure 3.11: PP LnD vs 1/T.
With the relationship between temperature and diffusion coefficients of PP and PETG
established, the final step was to combine those relationships with the cooling curve data (Figure
3.7) so that we could predict the change in the diffusion coefficients as the system cooled. The
only change we had to factor in was the crystallization of PP, which, from the DSC results (Figure
3.14 ), occurs around the 110-116 °C range. After this point, diffusion for PP is practically arrested.
For PETG, we were able to utilize the full range from printing temperature to PETG’s glass
transition temperature (71 °C). Based on the cooling profile, we found that PETG remained above
its glass transition temperature for about 6 seconds, while PP remained above its cold
crystallization temperature only for 3 seconds. Breaking down this cooling into 0.25s intervals, we
could then match the time intervals to their respective diffusion coefficients and then calculate the
distance traveled. The exact numbers of each 0.25s step is seen in Table 3.7 and Table 3.8 and the
total distance traveled for both PP and PETG can be seen in Figure 3.12. Figure 3.12 also indicates
where PP crystallization occurs, and further diffusion has ceased. As was predicted from the
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literature, the greatest distance traveled was when the polymers were at the highest temperature,
and the distance rapidly decreased as cooling occurred. Additionally, the difference in molecular
weight can also be seen by comparing the higher MW PP to the lower MW PETG. The total
distance traveled for PETG chains was 453 nm, while PP macromolecules traveled only 14 nm.
The required distance for healing for these polymer surfaces was based on their molecular weight
PP
PETG

16

as well, with polymers

500

requiring a total distance

400

equal to 0.4*Rg12. The

300

radius of gyration for

12

PP (nm)

10
8

200

6

PETG (nm)

14

4
100

2
0
-2

0
0

1

2

3

4

5

6

Time (s)

PETG

calculated

previously
using

Equation 3.4 and 3.6, and
using this same formula
with

Figure 3.12: PETG and PP chain distance traveled during 3D printing.

was

the

appropriate

<r2>/M values for PP

from literature20 (6.2x10-17 cm2*mol/g) we were able to calculate the end to end distance for our
respective molecular weight(412,000 g/mol). After this, Equation 3.6 allowed us to find the
appropriate radius of gyration which we could then use to determine the interpenetration depth
required for bulk strength. Using this relationship, the PETG required distance is 3 nm and PP’s
is 8 nm.
These results show that there is sufficient time for the full interfacial healing of PP/PP and
PETG/PETG boundaries when printed at 230 °C. Thus, the strength of the welds between the
printed layers had to reach maximum values. However, it was reported that interdiffusion and
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entanglement of the melt across the interface are significantly affected by high shear rates in the
nozzle.25 The shear stress causes deformation and disentanglement of the polymer chains prior to
welding and, consequently, reduces mechanical strength at the layer contacts. Specifically, even
if a macromolecule diffusion distance is on the level of Rg, chain orientation/deformation does not
fully relax during the welding time. To this end, theoretical calculations indicate the importance
of the entanglement number, ZEQ = MW/ME (ME is the molecular weight between entanglements).25
The smaller the number, the higher extent of the chain interpenetration at the layer contact. It was
found that at ZEQ ≤ 22 the weld thickness becomes independent of the deformation induced by
shear rates in the nozzle at any printing speed.
In general, in the 3D printing process, the weld mechanical strength is connected to the
interdiffusion thickness Sthick and the integrity of the entanglement network at the weld, νW..
Bulk strength at the contact is expected for νW = 1 and Sthick /Rg > 125. In our case, for PETG
Sthick/Rg = 54 and is significantly higher than 1. For PP, the ratio is about 0.7. The integrity of
the entanglement network is a function of ZEQ, polymer thermal behavior, and printing
parameters. We used the known ME value for PET (1,500 g/mol26) and PP (4,620 g/mol12) to
estimate ZEQ for polymers used in this work. The entanglement number is 39 and 89 for PETG
and PP, respectively. McIlroy and Olmsted25 show theoretically that under the same printing
conditions, νW for a polymer having a ZEQ of 40 is 5-10 times larger than νW for a polymer with
a ZEQ of 80. Thus, we can conclude that if PETG inclusions are capable of forming interfacial
connections at the printed layer boundary (as depicted in Figure 3.2), the mechanical strength
of the PP-based printed structure has to be significantly increased.

T
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Diffusion
Coefficient
(cm2/s)

Temperature
(K)

Time (s)

Distance
(cm)

Distance
(nm)

0

493.4

3.07E-10

1.75E-05

175.3

0.25

465.4

7.49E-11

8.65E-06

86.5

0.5

443.7

2.22E-11

4.71E-06

47.1

0.75

428.3

8.68E-12

2.95E-06

29.5

1

416.8

4.12E-12

2.03E-06

20.3

1.25

407.8

2.24E-12

1.5E-06

15

1.5

400.6

1.34E-12

1.16E-06

11.6

1.75

394.6

8.69E-13

9.32E-07

9.3

2

389.6

5.94E-13

7.71E-07

7.7

2.25

385.3

4.26E-13

6.53E-07

6.5

2.5

381.5

3.16E-13

5.63E-07

5.6

2.75

378.2

2.42E-13

4.92E-07

4.9

3

375.2

1.9E-13

4.36E-07

4.4

3.25

372.6

1.53E-13

3.91E-07

3.9

3.5

370.2

1.25E-13

3.54E-07

3.5

3.75

368

1.04E-13

3.22E-07

3.2

4

366

8.76E-14

2.96E-07

3

4.25

364.2

7.47E-14

2.73E-07

2.7

4.5

362.5

6.44E-14

2.54E-07

2.5

4.75

360.9

5.6E-14

2.37E-07

2.4

5

359.4

4.92E-14

2.22E-07

2.2

5.25

358.1

4.35E-14

2.09E-07

2.1

5.5

356.8

3.88E-14

1.97E-07

2

5.75

355.6

3.48E-14

1.86E-07

1.9

Total

Table 3.7: PETG diffusion values.

54

453.2

Diffusion
Temperature
Time (s) (K)

Coefficient

Distance

Distance

(cm2/s)

(cm)

(nm)

0.25

490.6

3.13E-13

5.59E-07

5.6

0.5

460

8.24E-14

2.87E-07

2.9

0.75

438

2.84E-14

1.69E-07

1.7

1

423

1.27E-14

1.13E-07

1.1

1.25

411.7

6.724E-15

8.2E-08

0.82

1.5

403

4.02E-15

6.34E-08

0.63

1.75

396

2.61E-15

5.11E-08

0.51

2

390

1.81E-15

4.26E-08

0.43

2.25

385

1.319E-15

3.63E-08

0.36

2.5

377.6

7.8E-16

2.79E-08

0.28

Total
(nm)

Table 3.8: PP diffusion values.
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14.3

3.3.2: Extruded Filament Characterization: DSC.
DSC was conducted for the pure PP and PETG materials as well as 0.7, 1.4, 2.1, and 3.5%
PPwPETG filaments. The major purpose of DSC measurements was to determine if addition of
PETG inclusions at several percent will influence thermal transitions of the PP material. The first
observation is the difference that the filaments show from the first heating (Figure 3.13) when
compared to the second heating (Figure 3.14). Usually, the first heating of a polymer (Table 3.9)
will provide properties of the polymer sample12, while the second heating will provide material
properties. The clearest example of this can be seen in the PETG result. The initial heating shows
a dramatic hysteresis near its glass transition temperature, which is reduced on its second heating.
This peak reflects the orientation of polymer chains during extrusion12. As the second heating
provides the clearest observation of heat of fusion as well as glass transition temperatures (Table
3.10). Looking at the graphs initially, examining the melting peak, the point which corresponds to
the maximum rate of melting27, allows for a straightforward initial comparison as it is the most
distinguishable feature. Additionally, as diffusion in polypropylene is stopped once substantial
crystallization occurs, the cold crystallization peak was also observed for the PP filament (Figure
3.15) which established at which point the diffusion process concludes.
The PP filament showed a 162 °C melting peak which did not change much through the
addition of increasing PETG content (Tables 3.9 and 3.10). This peak position is a characteristic
of α-crystals in isotactic polypropylene, which tends to dominate over other forms28. In most
crystalline polymers, the overall position of the peak correlates to the size of the prevailing crystals
formed, with the largest and most perfect crystals being melted at higher temperatures. The broad
range of the melting peak would imply a broad distribution in the size of the crystals, with the most
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interesting observation being the presence of a smaller peak in all the extruded PP-based materials

Heat Flow (W/g)

upon first heating (Figure 3.13), around 10 degrees below the main melting peak.

0.0
-1.1
-2.2
-3.3

PETG

0.0
-1.1
-2.2
-3.3

PP

0.0
-1.1
-2.2
-3.3
0.0
-1.1
-2.2
-3.3
0.0
-1.1
-2.2
-3.3
0.0
-1.1
-2.2
-3.3

PPw0.7%PETG

PPw1.4%PETG

PPw2.1%PETG

PPw3.5%PETG
0

100

Temperature (°C)
Figure 3.13: DSC results for 1st heating of extruded filaments.
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0.0
-1.3
-2.6
-3.9
0.0

PETG

-1.3
-2.6
-3.9
0.0

PP

-1.3

Heat Flow (W/g)

-2.6
-3.9
0.0

PPw0.7% PETG

-1.3
-2.6
-3.9
0.0

PPw1.4% PETG

-1.3
-2.6
-3.9
0.0

PPw2.1% PETG

-1.3
-2.6
-3.9

PPw3.5% PETG
0

100

Temperature (°C)
Figure 3.14: DSC results for 2nd heating of extruded filaments.
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Peak
Temperature
Enthalpy of Melting
%
(Tmp) (°C) Crystallinity
(J/g)

Samples
PP filament

83.62

164

40

PPw0.7%PETG
Filament
92.28

161

45

PPw1.4%PETG
Filament
89.61

162

44

PPw2.1%PETG
Filament
81.68

163

41

PPw3.5%PETG
Filament
86.79

161

44

Table 3.9: First DSC heating of extruded filaments.
Second Heating

Samples

Peak
Temperature
Enthalpy of Melting Tg
Tg
%
(Tmp)(°C) Onset Midpoint Crystallinity
(J/g)

PP filament

92.7

163

-8

-4

45

PPw0.7%PETG
Filament

94.8

161

-5

-1

46

PPw1.4%PETG
Filament

95.2

162

-8

-5

47

PPw2.1%PETG
Filament

90.5

162

-5

-2

45

PPw3.5%PETG
Filament

91.4

162

-8

-1

46

PETG filament

-

-

69

73

-

Table 3.10: Second DSC heating of extruded filaments.
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PP
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3
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Figure 3.15: Cold Crystallization Curve for PP.
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This peak is only clearly observed on the initial heating and is almost completely wiped
out upon the second heating (Figure 3.14). Scientific literature reports that this peak indicates the
presence of β-crystals,
which

typically

offer

more ductility and form
at lower temperatures.
The

formation

different
structures
Figure 3.16: 3D printed DSC results vs injection molding28
Reproduced from Ref [28] with permission from Elsevier

of

crystalline
in

PP

is

directly impacted by the
printing

environment,

with Wang and Gardner also seeing this second peak below the α-crystals (Figure 3.16)28.
To further reinforce how the environment affects the crystalline structure of the PP
filament, we can consider results from Dabrowska et
al. who studied how varying draw ratios affected the
DSC results and crystalline structure in their PP
filament (Figure 3.17)29. A 10 rpm speed resulted in a
draw ratio of 1 with only α-crystals forming, while a
150 rpm speed and a 15 draw ratio revealed a much
wider DSC peak with increased β-crystal formation. As
far as to why the second form of crystallinity disappears
upon the second heating, this is most likely due to the
nature of the cooling process, as the DSC’s set cooling
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Figure 3.17: Impact of draw speed on PP
crystallinity29. Reproduced from Ref [29]
with permission from BME-PT

rate of 20 °C/min is not representative of the filament fast air-cooling extrusion conditions. The
importance of the cooling process cannot be overstated, as a slow cooling rate will allow additional
time to overcome the nucleation barrier and for crystallization to occur at higher temperatures
(Figure 3.18)30. A rapidly cooling environment would then favor the formation of crystals at lower
temperatures.
Beyond the temperature of the melting peak and the shape, the area under the curve, the
heat of fusion, can be used to determine percent crystallinity (Tables 3.9 and 3.10 ). To determine
the percent of crystallinity of the PP phase, Xc, (Equation 3.11) was used where Hm is the enthalpy
of fusion at Tm, and Hm0 is the ideal melting enthalpy for a 100% crystalline PP sample which is
207.1 J/g31.
%𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝛥𝛥𝐻𝐻𝑚𝑚
0
𝛥𝛥𝐻𝐻𝑚𝑚

(3.11)

The percent crystallinity for PP filament was about 40-45% after the two-time extrusion step,
which is expected for isotactic polypropylene in literature12. Following the addition of PETG,
percent crystallinity slightly increased for
the first heating.

Despite this change,

overall we can see that the addition of
PETG did not greatly impact the overall
crystallinity of the PP at these low
concentrations. For the second heating, the
degree of crystallinity is not influenced by
Figure 3.18: Cooling rate impact on PP
crystallinity30. Reproduced from Ref [30] with
permission from Wiley
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PETG addition (Table 3.10).

For the first heating, the Tg of PP was not well pronounced and is not reported here. For the second
heating (Table 3.10) the midpoint Tg was detected to be slightly below 0°C, which is in line with
what is reported in the literature (-14 °C)14. The addition of the PETG phase does not influence
the Tg of the extruded filament. The Tg of PETG phase is not observed in DSC traces for the
hybrid filaments.
3.3.3 Morphology of Extruded Filaments.
According to classical work by Wu, the size of the minor polymer in an immiscible polymer
system mixed by melt blending is controlled primarily by shear rate, interfacial tension, and the
ratio in viscosity between the two polymers32. The predictive model from this study can be seen in
the equation (Equation 3.12) below, with G equal to the shear rate, D is the particle diameter, Υ
is the interfacial tension, ηm is the matrix viscosity, and ηd is the dispersed phase viscosity.
𝐺𝐺𝜂𝜂𝑚𝑚

𝐷𝐷
𝛾𝛾

= 4(

𝜂𝜂𝑑𝑑 +/−0.84

𝜂𝜂𝑚𝑚

)

(3.12)

The use of the positive and negative sign relates to the ratio between the viscosity of the dispersed
and the matrix phase. This inversion point demarks where the dispersed phase viscosity is equal
to the matrix and also denotes where the smallest particle sizes can be obtained if all other factors

Figure 3.19: Example of interfacial tension effect on phase size33
Reproduced from Ref [33] with permission from Elsvier
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are held constant. When the dispersed phase is more viscous than the matrix, a plus sign is used
(+) and when it is less viscous than the matrix, the negative sign will indicate this ratio (-). The
validity of this correlation has been researched by many teams throughout the years33. Thomas and
Groeninckx33 explored how some of these factors impacted the dispersed phase size. One example
is the reduction of interfacial tension via compatibilizing their ethylene-propylene rubber (EPR)
and nylon 6 system with maleic anhydride reduces the phase size (Figure 3.19).
The impact which concentration plays was also broken down as a study on coalescence.
Coalescence, the recombination of particles during the melt blending process, was broken down
into three main steps: the diffusion of the dispersed phase through the matrix, the second one being
the collision between the dispersed domains, and the final one being coalescence itself. The first
diffusion step is only relevant at low concentrations,
with Thomas and Groeninckx33 establishing a 10%
volume fraction threshold. In systems with higher
concentration, the dispersed droplets surpass the
percolation threshold, and the step is very fast34.
Coalescence is a very fast process, making the collision
step the rate-determining step.
An additional study of interest is on the
PP/HDPE blend, where the phase size was studied

Figure 3.20: Co-continuous phase for
PP and HDPE system34 Reproduced
from Ref [34] with permission from
Elsvier

between incompatible polymer systems of varying concentrations (Figure 3.20). Here Jose et al.34
noticed how different the phase size was of the dispersed phase depending on which of the two
materials was the matrix, with the HDPE diffusion hindered when the more viscous PP was the
matrix material leading to a significantly smaller phase size.
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These studies show the importance concentration and viscosity play in determining the
material’s final morphology. All the materials were processed under the same extruding and
printing conditions, and the materials utilized were kept constant, with the only major change being
varying the overall concentration. The difference in viscosity between PP and PETG was also
significant, with the PETG minor phase being much less viscous. The lower viscosity of the
dispersed phase supports the formation of smaller PETG droplets. With no compatibilizing agent
and no changes to shear rate, only concentration will affect the final morphology of the extruded
filaments. Based on the scientific literature, we decided to keep the concentration of the PETG
dispersed phase well below 10% to avoid significant coalescence.
The cross-section of the hybrid filaments was imaged following the HFIP extraction. From
these images (Figure 3.21) the size and distribution for PETG in PPw0.7%PETG, PPw1.4%PETG,
PPw2.1%PETG, and PPw3.5%PETG can all be seen. As the concentration of PETG increases,

Figure 3.21: SEM of cross-section of PPw0.7%PETG, PPw1.4%PETG,
PPw2.1%PETG, and PPw3.5%PETG.
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one can see a significant increase in the phase size and the concentration of the minor phase. We
did not conduct size and distribution analysis for the PETG extruded filaments. Thorough
morphology was conducted for particle size and distribution in the printed materials (See Section
3.3.7).
3.3.4 XPS Measurements of Filaments.
XPS measurements were conducted to determine if PETG inclusions are present at the
filament surface. The composition of ~ 5 nm sampling depth from air/filament boundary was
examined using an incident angle of 45o.35 XPS measurements are very sensitive to impurities
located on the surface. So samples were etched prior to the XPS measurements. Specifically, from
1.5 to 3 nm were etched to clean the surface. XPS scans showed the presence of oxygen on the
filament surface. As oxygen is only present in the PETG backbone, the result indicated the
presence of PETG inclusions at the filament exterior. We estimated the fraction of the filament
surface occupied by PETG inclusions from spectral data. For this purpose, we differentiated the
carbon associated with PP from the one associated with PETG using Equations 3.13 and 3.1436:

𝑂𝑂
𝐶𝐶

=

𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑋𝑋𝑃𝑃𝑃𝑃 = 1
𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

(3.13)

𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +(1−𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )∗𝐶𝐶𝑃𝑃𝑃𝑃

(3.14)

The first equation is simply the relationship between the PP fraction and the PETG fraction making
up the entirety of the polymer surface. The second equation considers that the oxygen present is
entirely from the PETG backbone and that the true carbon content is broken down between the
fraction in the PETG backbone and that in PP. The result of the calculations is presented in Figure
3.22.
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Figure 3.22: XPS derived % of PETG at the surface of extruded filament.
These results show that all the hybrid filaments have a significant amount of PETG
available for diffusion at the surface following the filament fabrication step. We did not find a
clear correlation between PETG fraction and
that in filament interior. It was noted that the
amount of PETG on the surface is at least an
order of magnitude higher than that in bulk. We
associate the migration of PETG droplets to the
interface with the low viscosity of the polymer.
In polymer extrusion technology, it is wellestablished that the material of lower viscosity

Figure 3.23: Behavior of low viscosity
additive in polymer extrusions.37 Reproduced
from Ref [37] with permission from Hanser

always migrates to the edges of the extrudate37
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(Figure 3.23). This phenomenon is used in the industry for coating applications during the
extrusion process as well as to facilitate the extrusion of highly viscous materials.
3.3.5: Fabrication of Printed Samples.
Following the characterization of the starting materials as well as fabricated filaments, we
conducted 3D printing DMA and compression samples under the conditions outlined in section
3.2.5. Careful measurements of each printed sample dimension were taken, and any variation was
accounted for during the data analysis.
3.3.6: DSC of Printed Samples.
While the samples were analyzed through DSC in the extruded filament form, it was
important to see the thermal properties of the printed structures. The major difference between
extruded and printed samples was the effect of the printing bed temperature as well as the
successive heating that occurs when the heated nozzle transfers the following layer38. The heated
bed was only heated to 40 ℃ and done to improve bed adhesion, but this environment offers a
different cooling profile than that for extruded filament samples reported above.
The obtained during 3D printing filament also has a much smaller diameter (0.4 mm) than
the 1.75 mm extruded filament, which means it cools faster. This difference in cooling rate could
affect PP’s crystallinity, as literature shows that varying temperatures affect final crystallinity for
isotactic PP39. As mentioned above, the glass transition, melting peak, and percent crystallinity
were studied for the first and second DSC heating runs (Tables 3.11 and 3.12).
DSC from the first heating (Figures 3.24) shows some differences between the filament
and printed samples for the pure PP and PETG containing materials. As discussed previously, the
hysteresis near the glass transition temperature seen in the commercial PETG disappeared after
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undergoing the 3D printing process. Focusing on the melting peak, we can also see the
disappearance of smaller peaks (attributed to the β-crystals) found for the extruded filaments upon
initial heating. This same peak disappeared previously for extruded filament’s second DSC run,
which proves that it comes from the processing conditions of the extruder. Thus, the printing step
erases the thermal history from the extrusion. All printed samples had a maximum peak melting
temperature of 163°C. Thus, it is possible to conclude that the addition of PETG inclusions to PP
practically does not influence the material’s melting temperature. DSC second run for the printed
samples is presented in Figure 3.25.

All printed samples had a maximum peak melting

temperature of 161-162°C.
We calculated percent crystallinity from the melting peaks, adjusting for the changes in the overall
weight fraction for PP (Table 3.11-3.12). In general, the printed PP sample has a lower (by 5%)
degree of crystallinity compared to the samples containing PETG. This difference disappears for
the second heating. The result indicates that the PETG inclusions serve as heterogeneous
nucleation centers, increasing the degree of crystallinity during fast cooling occurring in the course
of the printing.

While not a direct comparison, as they used a compatibilizer as well as

semicrystalline PET instead of PETG, Chatham et al also mixed PP and PET and examined the
thermal properties in filament and printed forms7. They found the same percent crystallinity in the
PP phase (46%) with no change occurring from the printing process.
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Samples

Peak
Temperature
Enthalpy of Melting
%
(J/g)
(Tmp) (°C) Crystallinity

PP printed

81.3

163

39

PPw0.7%PETG
Printed

94.2

163

46

PPw1.4%PETG
Printed

81.3

163

40

PPw2.1%PETG
Printed

89.1

163

44

PPw3.5%PETG
Printed

83.7

163

43

Table 3.11: First heating DSC for printed samples.

Samples

Peak
Temperature
Enthalpy of Melting Tg
Tg
%
(J/g) (Tmp) (°C) Onset Midpoint Crystallinity

PP printed

96.5

162

-6

-1

47

PPw0.7%PETG
Printed

93.6

162

-8

-4

46

PPw1.4%PETG
Printed

90.2

162

-8

-1

44

PPw2.1%PETG
Printed

94.2

161

-3

-7

47

PPw3.5%PETG
Printed

90.6

161

-8

-1

46

68

72

PETG printed

Table 3.12: Second heating DSC for printed samples.
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0
-1
-2
-3

PETG

0
-1
-2

Heat Flow (W/g)

-3

PP

0
-1
-2
-3
0
-1
-2
-3

PPw0.7%PETG

PPw1.4%PETG

0
-1
-2
-3

PPw2.1%PETG

0
-1
-2
-3

PPw3.5%PETG
0

100

Temperature (°C)
Figure 3.24: First DSC heating for printed samples.
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0.0

0

100

-1.3
-2.6
-3.9
0.0

PETG

-1.3
-2.6
-3.9
0.0

PP

Heat Flow (W/g)

-1.3
-2.6
-3.9
0.0

PPw0.7%PETG

-1.3
-2.6
-3.9
0.0

PPw1.4%PETG

-1.3
-2.6
-3.9
0.0

PPw2.1%PETG

-1.3
-2.6
-3.9

PPw3.5%PETG
0

100

Temperature (°C)
Figure 3.25: Second DSC heating for printed samples.
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3.3.7 SEM Imaging of Printed Samples.
Having performed the DSC analysis, the next characterization was SEM imaging. The
images from the cross-section of these samples can be seen in Figure 3.26. Like the cross-section
of the extruded filaments, one can see an increase in the phase size of the minor phase with the
increase in PETG concentration. Using ImageJ software, histograms of the phase size were
prepared, Figure 3.27. The materials have quite a narrow dispersity. The average diameter for all
materials was below 4 µm. The samples with 0.7-2.1% PETG had an average diameter of dispersed
phase ~ 1.2-1.4 µm (Table 3.13). Thus, for those materials, we can follow how the properties of
the printed materials depend on the concentration of the PETG inclusions. The size of PETG
inclusions was noticeably larger for 3.5% PETG samples (~1.9 µm). Thus as concentration
increases above 2%, the minor phase forms larger inclusions. However, we are still far from a

Figure 3.26: SEM Cross-section of Printed Samples Following HFIP Extraction.
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significant coalescence of the minor phase and phase inversion. These results are very similar to
that observed for other PP-based incompatible systems where the diameter of the minor phase was
measured. In Jose et al. study of PP and HDPE mixture, there was a direct relation between the
increase in dispersed phase concentration and increasing phase size, with a co-continuous phase
being observed once coalescence occurs (Figure 3.20)34. Another interesting observation from this
study is the impact that the difference in viscosity plays in the PP matrix versus the HDPE matrix,
with the more viscous PP matrix hindering the ability of the HDPE dispersed phase to coalesce
and therefore capping the overall phase size. For this system, the PP is a material of higher
viscosity (based on MFI results) which contributes to the formation of PETG phases of relatively
small size.
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Figures 3.27: Histograms for phase size of printed hybrid filaments.
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4

0

Cumulative Percent

0

Sample

Average Diameter (µm)

PPw0.7%PETG

1.3 ± 0.7

PPw1.4%PETG

1.2 ± 0.5

PPw2.1%PETG

1.4 ± 0.4

PPw3.5%PETG

1.9 ± 0.6

Table 3.13: Summary of PETG inclusion phase size.

3.3.8: XPS Measurements for Printed Samples.
XPS measurements were conducted to determine to what extent PETG domains are present
at the printed filament surface. As for extruded filament, the composition of ~ 5 nm sampling depth
from air/filament boundary was examined, and from 1.5 to 3 nm were etched to clean the filament
surface prior to XPS measurements. We estimated the fraction of the filament surface occupied
by PETG inclusions from spectral data using Equations 3.13 and 3.14. The result of the
calculations is presented in Figure 3.28. The data indicates that as filament diameter decreases
during printing from 1.75 mm to 0.4 mm (400 µm), a clear relationship is established between the
concentration of PETG and the fraction of the polymer on the PP surface. In general concentration
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of PETG material on the surface is about 10 times higher than that in bulk. Thus it was confirmed
that PETG is readily available for interdiffusion/welding and that the presence of this phase
increases with increasing PETG additive.

60

% PETG on Surface

50
40
30
20
10
0

0.7%

1.4%

2.1%

3.5%

% PETG in Filament
Figure 3.28: XPS results for printed samples.
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3.3.9: Interfacial anchoring and sintering.
The joining of adjacent layers depends (at a micro-level) on the extent of layer-to-layer
contact occurring via sintering/wetting and (at a molecular level) on the interdiffusion of the
macromolecules constituting the layers in contact.40 It is obvious that sufficient levels of sintering
and degree of interdiffusion are needed for good mechanical properties of the printed objects. In
this case, where the interface contains two components (PP matrix and PETG inclusions),
geometrical considerations and spatial distribution of components can also influence the layer-tolayer adhesion.
Interfacial anchoring
In our model of interfacial strengthening, we rely on PETG inclusions to serve as anchoring
elements and ensure adhesion by the interlocking mechanism (Figure 3.28). Interlocking is an
example of mechanical adhesion, where there is a positive contribution to the overall adhesive
bond strength from the two surfaces locking, as a key sliding into a lock, or two pieces of a
puzzle.12, 41 In Figure 3.29 this strengthening is illustrated as Scenario I. With the increase in

Figure 3.29: Morphological scenarios for interfacial anchoring where inclusions are merging at the
interface.
concentration and particle size, Scenario II can partially or fully be realized at the contact, where
this interlocking strengthening is lost to some extent. In this case, provided that PETG/PP adhesion
is low (see Section 4.4.1), the improvement of the interfacial strength is decreasing. The schematic
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in Figure 3.29 does not show PETG inclusions that can not find their counterparts at the interface
and contact PP material from the adjacent layer. These inclusions will decrease interfacial
adhesion because they prevent the interdiffusion of PP macromolecules at the filament’s contact.
The concentration of these “non-paired” PETG inclusions should tend to increase with an increase
in PETG content.

Evaluation of sintering level via density of the printed samples
The mechanical properties of the printed structure depend on the level of contact
consolidation of the printed layers. For the ideal case, where the contact zone has the same
properties as the bulk material, the mechanical characteristics of the obtained structures are
determined by their density. The density of the printed materials depends on the area of layer-tolayer contact developed via sintering.40 It is obvious that sufficient levels of sintering are needed
for the printed objects’ good mechanical properties. In this work, we selected the density
measurement as a parameter to evaluate the sintering level. So, as the density of the printed
samples is closer to the density of the PP bulk, the higher level of the sintering.
PP compression molded samples were used to calculate the void fraction of the printed at
45o samples. Because the samples contained just minute fractions of the PETG (having a higher
density of 1.33 g/cm3 for compression molded samples), we did not consider PETG presence in
these estimations. The density results are presented in Table 3.14. One can see that until the
presence of PETG reaches a higher value of 3.5%, the density of the hybrid samples is within 2-5
% higher than the density of the pure PP printed material. The result indicates that incorporating
a small amount of PETG in PP filaments increases the sintering level slightly. We associate this
result with the significantly lower viscosity of the PETG material facilitating its sintering at lower
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temperatures as the material cools down. However, for the sample containing 3.5% of PETG, the
void fraction increases by 4% compared to pure PP. We suggest that such a large PETG addition
impedes welding between the extruded layers because of PP/PETG incompatibility. We envision
that when PP melt (from the layer being printed) is advancing over the adjacent filament, the places
on the filament surface occupied by PETG inclusions can prevent efficient wetting/sintering.
Consequently, effective densification of the structure is obstructed locally.
Sample

Density
(g/cm3)

Void Fraction in comparison to
the PP bulk

PP (Printed)

0.66

28%

PPw0.7%PETG

0.68

25%

PPw1.4%PETG

0.67

26%

PPw2.1%PETG

0.7

23%

PPw3.5%PETG

0.62

32%

PP (0o)

0.63

31%

PP (Bulk)

0.91

-

Table 3.14: Density of printed DMA samples. All samples beside PP(0o) are
printed at 45o.

3.3.10: DMA Measurements.
DMA of Compression Molded Samples
While this work focuses on the properties of PP-based materials manufacturing with 3D
printing technology, it is important to determine how these properties compare to those of
traditional manufacturing. To this end, PETG filament as well as PP pellets were compression
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molded in identical conditions (Carver Press 190°C, 3.8MPa for 5 minutes) and then tested via
DMA testing to determine storage modulus and loss modulus of the materials.
From the storage modulus (Figure 3.30) and loss modulus (Figure 3.31) results, one can
see the impact of thermal transitions on overall mechanical properties as PP has a significantly
higher storage modulus below the glass transition temperature than PETG. However, with such a
low glass transition temperature (~ 0 °C), PETG has higher storage modulus at room temperature
until its glass transition temperature (~ 71 °C). From the diffusion calculations, we know that the
difference in molecular weight is significant between the two polymers, and the nature of the
fabrication process will highlight this in the final properties. Unlike the extrusion and printing
processes, where the material is only above certain temperatures for short periods, the hot press
sample formation provides the polymers with adequate time for maximum properties to be
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Figure 3.30: Storage Modulus for molded PP and PETG.
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Figure 3.31: Loss Modulus for pressed PP and PETG.
reached. From the DSC results on PP (Figure 3.32), we can see that crystallinity has increased to
50% from the 45% of the extruded PP when looking at the first heating, but this value drops down
to 46% crystallinity during the 2nd heating. Additionally, any lower temperature peaks associated

Heat 1 PP
Heat 2 PP

Heat Flow (W/g)
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Temperature (°C)

Figure 3.32: DSC Results for PP first vs second heating.
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with the β-crystals are not present. This change is directly tied to the increased heating time, which
gave the material an additional time for further crystallization to occur.

DMA of Printed Samples
The DMA results compare pure PP to the hybrid prints across a broad temperature range,
going through critical transition temperatures for both PP and PETG. These results are broken up
between loss modulus, tan delta ,and storage modulus, (Figures 3.33 - 3.35 and Table 3.15) and
highlight the impact of the PETG addition. Key points at temperatures below glass transition
temperatures for PP and PETG, as well as a temperature above the glass transition temperature for
both, can be seen in Table 3.15. In addition to results from the hybrid filaments and pure PP, we
also printed PP samples with a 0° printing orientation. In this orientation, the stress is developing
along the PP filaments, thus level of the interfacial consolidation influence mechanical properties
to a lesser degree.. This result is included for an additional level of comparison. All other samples
are printed in a 45° printing orientation. Data for compression molded PP and PETG samples is
also included in Table 3.15. The loss modulus for these filaments were also compared (Figure
3.32).
The loss modulus (Figure 3.33 and Table 3.15) shows that the sample containing only PP
has one Tg transition at about 8 oC. This value is the same as the one found for the compression
molded and printed at 0o PP samples. The result indicates that PP macromolecules in the interior
and located at the boundary of the printed layers have the same mobility as the one in the
compression molded material. Two major thermal transitions are found for materials containing
PETG inclusions. Those are the glass transition temperatures for PP and PETG at about 10 oC and
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78 oC. One can see that the presence of PETG inclusion only slightly increases the Tg of PP. The
Tg of PETG in the printed structures is the same as the Tg of the compression molded material. It
is necessary to note that the presence of the prominent peaks at such a small amount of PETG
indicates that the PETG inclusions partially connect the PP layers. The temperature transitions
deducted for the tan delta peaks corroborate our conclusions made from the Loss modulus data
(Figure 3.34 and Table 3.15),
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Figure 3.33: Loss Modulus for printed samples.

83

120

140

PP3.5%_PETG
PP1.4%_PETG
PP2.1%_PETG
PP
PP0.7%_PETG

0.1

Tan Delta

0.08

0.06

0.04

-60

-40

-20

0

20

40

60

80

100

Temperature (°C)
Figure 3.34: Tan Delta results for printed samples.
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Figure 3.35: Storage modulus for printed samples.
From the storage modulus data (Figure 3.35 and Table 3.14), one can see that PETG acted
as an interfacial reinforcement agent, and PPwPETG materials showed significant improvement
compared to pure PP printed samples. 0.7%, 1.4%, and 2.1% show the greatest improvement.
Filaments with 3.5% of PETG also showed improvements but less so than the materials with lower
PETG content. In general, the experimental error is quite significant in these measurements.
However, the overall trend is visible, where the increase of PETG content somewhat decreases the
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level of the modulus improvement.

It is necessary to highlight that PP/PETG materials

demonstrate storage moduli higher than the one for the pure PP material printed at 0o.
Taking a closer look, focusing on temperatures below the PP glass transition temperature
(-40 °C) and temperatures above it, but still below the PETG glass transition temperature (25 °C),
we can see how impactful the PETG addition is (Table 3.14). While the reinforced PPwPETG
hybrid filaments demonstrate properties even higher than the 0° PP printed samples at low
temperatures, it is after the glass transition temperature of PP, where we would expect to see the
greatest drop in properties, that we see the reinforcement effect most clear. Here, above the PP Tg,
but still well below that for PETG, we observe the storage modulus losses are reduced, and the
samples maintain some semblance of strength when compared to the pure PP samples.
The DMA results clearly indicate a positive effect (in terms of mechanical characteristics)
of adding a minute amount of PETG material to PP filaments. Also, the results show that with an
increase in PETG concentration in the PP matrix, the mechanical properties are not improving
further and even have a tendency to decrease. We associate this observation with overpopulating
the PP/PP boundary with PETG inclusions at the higher concentrations, causing either a
geometrical decrease in the interfacial anchoring (Figure 3.29) or the effect of reduced density
(sintering) of the sample (Table 3.14). To differentiate between those scenarios, we recalculated
data for the storage moduli to consider the difference in the density (cross-section) of the materials
(Table 3.15). The adjusted data demonstrated that a lower level of sintering (lower density) of the
PPw3.5% sample is the major parameter that negatively influenced the storage modulus of the
printed structure. It is also necessary to highlight that the adjusted values of the storage modulus
are still lower than the moduli of the compression molded PP. However, for the temperatures below
Tg of PETG, the average storage modulus value for all PPwPETG samples combined is only 11%
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and 20% lower than the modulus for the bulk PP at -40 Co and 25 Co, respectively. For pure PP
printed samples, the modulus decrease is 38% and 42%, respectively.

PETG (Bulk) PP (Bulk) PP (0°)

PP

PPw0.7%PETG

PPw1.4%PETG

PPw2.1%PETG

PPw3.5%PETG

2445

1785

2667

2977

2509

2328

3543

2479

3556

4050

3258

3423

975

802

1121

1248

1129

1024

1413

1113

1494

1686

1466

1505

407

339

437

488

494

387

589

471

582

659

641

569

Storage
Modulus @ -40
°C (MPa)

2718

3993

Storage
Modulus @ 25
°C (MPa)

2348

1933

Storage
Modulus @ 75
°C (MPa)

928

980

Loss Modulus
Peak
Temperature
PP (°C)

-

8

8

8

10

9

11

9

Loss Modulus
Peak
Temperature
PETG (°C)

77

-

-

-

76

75

78

77

Peak Tan Delta
Temperature
PP (°C)

-

12

13

13

14

14

15

14

Peak Tan Delta
Temperature
PETG (°C)

83

-

-

79

81

80

80

Table 3.15: Summary of DMA results. For the storage modulus data top subrow shows data as obtained and low
subrow shows data adjusted using density of the samples.
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3.3.11 Compression Testing.
Table 3.16 shows the results of the compression test for the printed samples. First, by
examining the elastic region of the stress-strain curves, we were able to measure Young’s modulus
for the materials (Table 3.16). It is evident that the addition of PETG inclusions to PP filaments
considerably increases the elastic modulus of the printed structures. Specifically, incorporating
0.7% of PETG increased the modulus by 80%. Modulus increase by ~ 55% was caused by adding
PP

PPw0.7%PETG

PPw2.1%PETG

PPw3.5%PETG

Young's Modulus (MPa)

293+77

526+22

454+26

443+54

Yield Stress (MPa)

33.5+1.8

50+4

44.2+0.6

41.8+5

Yield Strain

0.14+0.03

0.11+0.01

0.11+0.01

0.11+0.01

Table 3.16: Compression testing results for printed samples.
2.1% and 3.5% of PETG. Beyond Young’s modulus, the yield stress and the yield strain were
calculated for all materials (Table 3.16). A similar trend can be observed from the yield stress
results, where the addition of 0.7% and 2.1/3.5% of PETG led to an increase of stress at yield by
~50% and ~ 30%, respectively. The yield strain, however, was somewhat ( by ~20%) reduced for
all hybrid materials. This observation is associated with the higher modulus for PPwPETG
samples, causing significantly higher values of yield stress to develop at lower strain values.
Beyond the values calculated from the stress vs strain curves, we were also able to measure the
overall toughness of the materials (Figure 3.36). From this result we see that the PETG inclusions
led to an overall increase in the toughness when compared to the neat 3D printed PP. This increase
lines up with what we saw from the young’s modulus and yield stress results.
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Figure 3.36: Toughness for our PPwPETG materials compared to unmodified PP
We note that the improvement of mechanical properties at the large deformations (realized
in the compression test) is significantly higher for the lowest content of the PETG inclusions
dispersed in the PP matrix. The same trend (but less pronounced) was observed in the DMA
measurements at sufficiently lower deformations of several microns. The difference can not be
explained via the difference in the density/sintering of the samples (Table 3.14). Thus, we can
conclude that more efficient interfacial anchoring (Figure 3.29) occurs at the lower PETG
concentrations.
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Modeling of PETG effect on PP modulus
In general, it is expected that the minute amount of PETG material added to PP filaments does not
influence the properties of the PP
matrix. However, to give additional
context regarding the experimental
results, mechanical models were
utilized to predict what changes in
the storage modulus of PP we might
expect with the addition of 3.5% of
PETG.

Specifically, we used

Figure 3.37: Takayanagi models12 Reproduced from Ref
[12] with permission from Wiley

classical Takayanagi models (Figure 3.37), predicting the modulus of heterogeneous material with
dispersed morphology.12 The models describe materials as not fully isostress or fully isostrain but
rather a combination of the two:12

𝐸𝐸 = [

𝜑𝜑

𝜆𝜆𝐸𝐸𝑅𝑅 +(1−𝜆𝜆)𝐸𝐸𝑃𝑃

𝐸𝐸 = 𝜆𝜆(

𝜑𝜑

𝐸𝐸𝑅𝑅

+

+

1−𝜑𝜑 −1
)
𝐸𝐸𝑅𝑅

1−𝜑𝜑 −1
]
𝐸𝐸𝑃𝑃

(Upper bound)

(3.17)

+ (1 − 𝜆𝜆)𝐸𝐸𝑃𝑃

(Lower bound)

(3.18)
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where E is the modulus of the hybrid material, EP is the modulus of the major phase, ER is the
modulus of the minor phase, φλ is the volume fraction of the minor phase. The storage modulus
for bulk PP and bulk PETG are shown in addition to these models in Figure 3.38. Data shows that
adding such a small amount of PETG to PP bulk can not significantly change the PP matrix's
mechanical properties and explain the superior mechanical properties of the printed hybrid
materials.
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Figure 3.38: Theoretical Results for PPw3.5%PETG Addition vs Bulk Polymers
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3.4: CONCLUSIONS.
The following conclusions can be derived as a result of our study reported in Chapter 3
•

Polymer hybrid filaments that can be printed on an FDM printer can be fabricated from
starting materials.

•

PETG additive can be efficiently distributed throughout the PP matrix with relatively
narrow distribution and no visible agglomeration.

•

Incorporation of PETG at low amounts in the PP filament does not significantly change the
thermo-mechanical properties of PP material.

•

PETG inclusions, having a lower viscosity than PP, are efficiently localized at the PP
filament surface during extrusion and 3D printing.

•

Mechanical tests using DMA and compressive testing for printed structures showed
considerable improvements in mechanical properties originating from the addition of
PETG compared to the pure PP.

•

The improvement is realized because of the relatively low viscosity and molecular weight
of the PETG material in comparison to PP and its amorphous nature.

•

The results of the mechanical tests point to the conclusion that the highest level of
improvement of the properties is obtained for the lowest PETG content studied here.

•

It proposed that the employment of the lowest level of PETG inclusions results in the most
efficient interfacial anchoring and sintering.
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CHAPTER 4
BINARY PP/PETG PRINTED MATERIALS USING PP FILAMENTS REINFORCED
WITH PETG INCLUSIONS
4.1: Introduction.
This chapter focuses on fabricating and characterizing two components (PP/PETG) 3D
printed structures. Our study below shows that, since PP and PETG are incompatible polymer
materials, there is a low level of interfacial adhesion at the PP/PETG interface. As a result, the
binary PP/PETG structures made from PP and PETG extruded filaments have inferior mechanical
properties. We demonstrated that employing PP hybrid filaments (containing PETG inclusions,
described in Chapter 3) instead of pure PP filament improves the mechanical properties of the
binary printed materials.
It is well established in FDM 3D printing of binary materials that the weakest portion of
3D printed parts is at the seams, in the contact between polymer layers. It is most clearly visible
by comparing samples where the polymer layers are positioned at 90 degrees and those printed at
0 degrees. The samples where force is applied at 90 degrees to the layer orientation are
significantly weaker and fail at much lower stresses than when the polymer layers are aligned with
the force direction. Due to the nature of 3D printing, these printed structures behave a lot more
like separate layers rather than single parts, and their mechanical behavior can be modeled by such
models as the “ideal model” 1, where upper and lower limits are given depending on if the polymer
layers are acting in a series or parallel. These printed samples’ ability to transfer stress throughout
the whole structure is limited by the level of adhesion between the polymer layers of different
nature.
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The inherent weakness between polymer layers is caused by a number of parameters
involved in the non-equilibrium process of 3D printing, but it is primarily controlled by viscosity,
cooling rates, deposition, and on micro and molecular levels by interfacial tension and
interdiffusion2. This weakness is already visible in 1-component 3D prints and is further magnified
when printing with multiple materials. Once two different materials are co-printed, thermodynamic
limits are present for the depth
of

interdiffusion

between

immiscible polymer materials in
contact, leading to particularly
thin and weak interfaces3. These
weak points are expected in the
binary

PP/PETG

polymer

systems (Figure 4.1).

Figure 4.1: PP-PETG binary system.

There are substantial limits on the level of interdiffusion attainable between immiscible
polymers.4 These limits do not
exist for a single component
polymer system, where the
strength of the layer-to-layer
interfaces is dominated by time
and

temperature5.

introducing

a

fraction

By
of

polymer additive from one

Figure 4.2: PP-PETG binary system with PPwPETG
hybrid filaments.

polymer (Polymer A) to the second polymer (Polymer B), we were able to suppress to some extent
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these thermodynamic diffusion limits and create a much stronger interphase between the polymer
layers (Figure 4.2).
4.2: Experimental.
4.2.1: Printing Process.
The hybrid PPwPETG filaments reported in Chapter 3 were utilized in this part of our
work. The Builder dual feeder printer was used to print binary samples using simultaneously two
different (PP and PETG) filaments in a set printing ratio. Pure PP/PETG structures were printed
as well as structures where PPwPETG filaments were used instead of pure PP ones. As mechanical
properties of the printed structure are determined during this interphase forming step, emphasis
was placed on maintaining the same printing conditions (outlined in Chapter 3) so that the only
difference was in the amount of PETG additive within each hybrid filament. One important detail
to mention is that although the printing process was set to a 50-50 ratio on the dual feed printer
between PETG and the hybrid filaments, due to a difference in flow properties, the actual ratio of
these prints was closer to a 42.2-57.8 weight ratio with the majority being PETG. It was measured
by printing 50-50 samples and then separating and weighing the separate layers. Using the bulk
density for the pure materials (0.91 g/cm3 for PP, 1.33 g/cm3 for PETG), we calculated a volumetric
ratio for the 50-50 prints generated in this work. It was PP/PETG volume ratio equal to
0.516/0.484. Until noted otherwise, all binary printed samples were fabricated with 45o filament
orientation.,
4.2.2: Testing of Single Filament Adhesion.
As the strength of the overall structure is determined by the strength of the polymer
interphase between PP and PETG, an experiment was devised to test the PP and PETG filament
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following the 50-50 extrusion. For this, the material was printed with the 3D printer bed removed.
The filament strands were collected and then set up on an Instron tester with the lowest possible
load cell (10 N) and strain rate of 1 mm/min.
4.2.3: Mechanical Testing – DMA.
DMA was utilized to record the storage modulus, the loss modulus, and the tan delta to
investigate the viscoelastic properties of the printed materials as a function of temperature. Settings
were kept consistent with what was utilized in Chapter 3. For this part of the work, we also
examined the impact of the infill angle on the final results.
4.2.4: Mechanical Testing – Compression Testing.
For compression testing, 1 cm3 cubes were printed for each material. Three samples were
printed for each material and tested on an Instron with a 10 mm/min compression rate.
4.2.5: Density.
As in Chapter 3, density was calculated to determine the sintering level during the 3D
printing process.

4.3: Results and Discussion.
4.3.1: Interfacial Situation.
As for the single component printed structures described in Chapter 3, the mechanical properties
of the binary PP-PETG printed materials depend (at a micro-level) on the extent of layer-to-layer
(filament-to-filament) contact occurring via sintering/wetting and (at a molecular level) on the
interdiffusion of the macromolecules constituting the layers in contact.6 For the PP-PETG binary
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system (Figure 4.1) that does not utilize PPwPETG hybrid filaments, the filament-to-filament
boundary is dominated by PP/PETG interfacial contacts (about 65-70% in the printed binary
structure). There are also ~ 17.5-21% of PP/PP and ~ 17.5-21% PETG/PETG contact. Since PP
and PETG are immiscible, we expect a lower level of interfacial adhesion and sintering compared
to the printed structures containing PPwPETG filaments (Figure 4.2). In these structures,
PPwPETG/PETG, PPwPETG/PPwPETG, and PETG/PETG contacts constitute about 65-70%,
17.5-21% and 17.5-21% contacts, respectively. When the hybrid filaments are utilized, we expect
the interfacial strength to be significantly enhanced because of the formation of anchoring contacts
between PETG filaments and PETG inclusions of PPwPETG material. These contacts are
anticipated to improve wetting/sintering and adhesion via the interdiffusion of macromolecules in
the PETG inclusions and PETG filaments.

Interdiffusion-based interfacial anchoring at PP/PETG boundary
For immiscible polymer systems, the distance of interpenetration at the surface is
thermodynamically limited7. This interface thickness can be calculated via the work of Helfand
and Tagami (Equation 4.1)7:
𝑆𝑆𝑡𝑡ℎ =

2𝑏𝑏

(4.1)

1

(6ꭕ)2

where Sth is the thickness of the interface (nm), b is the statistical segment length (nm), and ꭕ is
the Flory Huggins Interaction Parameter. Like in Chapter 3, values for PET were used instead of
the PETG. The statistical segment length for PP (0.53 nm)8 and PET (1.4 nm)9 are known. In these
calculations, we used the average value of 0.97 nm. Additional estimations were required for the
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Flory-Huggins interaction parameter. Calculations for the parameter (Equation 4.2)5 relied on
solubility parameters taken from literature as10 well as the printing temperature of 503 K.
𝜒𝜒 =

𝑉𝑉1

𝑅𝑅𝑅𝑅

(𝛿𝛿1 − 𝛿𝛿2 )2

(4.2)

where V1 is the molar volume of the monomeric units, R is the universal gas constant, T is
temperature, and δ is the solubility parameter for PP and PET, respectively. The molar volume of
PP and PET is ~ 46 cm3/mol and 136 cm3/mol,
respectively.10 In these estimations, we used an
average value of 91 cm3/mol. Taking this
parameter and incorporating it into the other
known values (Table 4.1) for Equation 4.1, we
found a thermodynamical estimated thickness

Material Properties
(PP) δ1
8.2
cal0.5/cm1.5
(PET) δ2
9.75 cal0.5/cm1.5
V
91
cm3/mol
R
1.987 cal/mol*K
T
503
K
χ
0.22
b
0.97
nm
Sth
1.7
nm
Table 4.1: Material Properties10.

of 1.7 nm for a PP/PETG interface at 503 K.
Varying the molar volume term (V) between either VPP or VPET we found that this interface was
not overly influenced by the use of an average value. At the thickest (utilizing VPP), we found a
thickness of 2.4 nm, and the thinnest value (utilizing VPET) gave a theoretical value of 1.4 nm.
Varying the statistical segment length and the molar volume from either the low PP (0.53 nm) to
the high PET (1.4 nm) gave either a thickness of 1.3 nm and 0.8 nm for PP, or 3.4 nm and 2 nm

Figure 4.3: Thickness of various immiscible pairs4 Reproduced from Ref [4] with
permission from Wiley
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for PET. These calculations are very much in line with what is seen in other immiscible pairs. Due
to their immiscibility, the interface of these pairs is typically thin and weak. Several interfaces
have been measured experimentally through various methods and found consistent results (Figure
4.3)3.
These thin interfaces lead to weak mechanical properties across the interface and, by
extension, weaker properties throughout the whole system. With these theoretical limits
established, we can now compare the unmodified binary 3D printed system to the system utilizing
PPwPETG hybrid filaments. However, the key takeaway from these observations is that due to
their immiscibility, the thickness of the interphase between PETG and PP is limited to something
less than 2 nm, which is far below the Rg of PETG and PP. The effect of this limited interface
interpenetration can be directly seen through mechanical testing, where the thin interface translates
to poor mechanical properties and failure across the polymer-polymer surface created during the
3D printing process.

Interfacial anchoring between PPwPETG and PETG filaments
As discussed in Chapter 3, based on the printing environment, there is adequate time for
the PETG polymer chains to diffuse the necessary distance for healing PETG/PETG contact. Thus,

Figure 4.4: Morphological scenarios for interfacial anchoring where PETG inclusions are attaching
to the PETG layer.
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the geometrical factors will determine the extent of interfacial anchoring for PPwPETG material.
As for single filament PP structures (Chapter 3), the interfacial strengthening relies on PETG
inclusions to serve as anchoring elements and ensure adhesion by the interlocking mechanism. In
Figure 4.4, this strengthening is displayed as Scenario I. If concentration and particle size are
increased, Scenario II can partially or fully be realized, where this interlocking strengthening is
somewhat lost. In this case, provided that PETG/PP adhesion is low, the improvement of the
interfacial strength is decreasing.

Evaluation of sintering level via density of the printed samples
As in Chapter 3, we used the density measurement (Table 4.2) as a parameter to evaluate
the level of sintering in the binary printed structures. Therefore, as the density of the printed
Sample

Density (g/cm3)

Void fraction in comparison to
PP-PETG (0.516-0.484) bulk

PP-PETG (Printed)

0.78

30%

PPw0.7%PETG-PETG

0.89

20%

PPw1.4%PETG-PETG

0.92

17.4%

PPw2.1%PETG-PETG

0.89

20%

PPw3.5%PETG-PETG

0.85

23.7%

PP (Bulk)

0.91

-

PETG (Bulk)

1.33

-

PP-PETG (0.516-0.484) bulk

1.114

-

Table 4.2: Density results for the binary printed (at 45o) samples.
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samples is closer to the density of the PP-PETG (0.516-0.484) bulk, the higher level of the
sintering. We used the PP-PETG ratio in the printed materials to calculate the theoretical density
(1.114 g/cm3) of the fully consolidated samples for the bulk density of PP and PETG. Using this
value, we found the unmodified PP-PETG sample to have a void fraction of about 30%, which
decreased significantly once the hybrid filaments were used (Table 4.2). This increase in density
shows a higher level of sintering during the printing process and a reduction of air gaps that would
lead to the decreased cross-section of the sample. Among the structures built using PPwPETG
hybrid filaments, the sample containing 3.5% of PETG has the highest void fraction of 23.7%,
which is still significantly lower than that for the binary structures fabricated with pure PP filament.
As we pointed out in Chapter 3, where the same observation is reported, such a large PETG
addition can impede welding between the extruded layers because of PP/PETG incompatibility for
PP/PP contacts. A certain fraction of these contacts is present in the binary structures studied here.

4.3.2: Testing of Single Filament PP/PETG Adhesion.
As the greatest amount of strength lost for the 3D printed structures is due to weaknesses
at the interface between PP and PETG, which then translates to a loss in bulk properties, an
experiment was designed to test the strength at the PP/PETG interface directly. Using the FDM
printer, 0.516-0.484 prints were printed with the 3D printer base removed. This allowed single
filaments at the expressed ratio to be collected. These samples were then separated along the
polymer-polymer interface to create enough area for the Instron clamps to firmly grasp the two
sides (Figure 4.5). The sample was then continuously loaded with a testing speed of 1mm/min
strain rate. These single filament tests require large amounts of samples to be tested to gather
statistically sound results, so between 8-10 samples were tested for the unmodified PP-PETG
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system as well as for all the hybrid
samples. The mechanism through which
the samples failed was typically in bursts,
with the filaments withstanding a load up
until a breaking point and then relaxing as
they were broken apart (Figure 4.6). The
energy required to separate the samples
was calculated from the area underneath
these peaks and then normalized by the
sample length to give us an accurate

Figure 4.5: Single Filament Test Set Up.

comparison between all the samples
(Figure 4.7). While accounting for the large error bars present for these tests, one can still see the

Load (N)

0.5

Results
Dataset Identifier
PPw3%_PETG-PETG 8
Beginning X 0.17784
Ending X
92.3803
Max Height 0.458
Mathematical Area
11.28614
Centroid
52.3024
FWHM
48.13772

PPw3%_PETG-PETG 8

improvement at such a
local level for the hybrid

0.4

samples compared to the

0.3

unmodified sample. Even
the hybrid sample with the

0.2

weakest
0.1

interfacial

strength (PPw2.1%PETG)

0.0

still had about triple the
0

20

40

60

80

100

Extension (mm)

Figure 4.6: Example of single binary filament test result.
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average strength of the PPPETG samples. Since the
standard deviation is quite

significant in our experiment, we can only conclude that interfacial strength increases 3-4 times
when PPwPETG filaments are incorporated into the structure. Statistically, we can not differentiate
between the samples with different concentrations of PETG in the PPwPETG filament.

Energy per Extension (N*mm)/mm
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Figure 4.7: Single filament adhesion results.

4.3.3: DMA Measurement of Binary Printed Structures
Thermal Transitions
The loss moduli (Figure 4.8 and Table 4.3) demonstrate that the binary samples have two
Tg transitions corresponding to Tg of PP and PETG. The transitions are generally close among the
different samples and are within a few degrees from the bulk PP and PETG values (Table 3.15).
The temperature transitions deducted for the tan delta peaks corroborate our conclusions from the
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loss moduli data (Figure 4.9 and Tables 4.3 and 3.15). The result confirms that there is no even
partial PP/PETG miscibility.

PPw3.5ETG-PETG
PPw0.7ETG-PETG
PPw1.4ETG-PETG
PP-PETG
PPw2.1ETG-PETG
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Figure 4.8: Loss Modulus for binary printed samples.
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Figure 4.9: Tan delta for binary printed samples.

Storage modulus
The storage modulus DMA results are organized by focusing on the hybrid filament’s
effect when printed at a 0.516-0.484 volumetric ratio with PETG compared to unmodified PPPETG samples. As printing with an immiscible binary polymer system is a natural challenge, the
first step was comparing the unmodified PP-PETG system with the properties of pure PP and
PETG printed materials (Figure 4.10). The storage modulus of the binary prints highlights the
immiscibility of the polymer pair, which shows two distinct drops in the modulus as we reach Tg
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Figure 4.10: Storage moduls for unmodified PP-PETG printed structures in
comparison to the single component printed materials.
for each polymer. This distinction would not be so clear if the polymer pairs were even partially
miscible. As predicted by the interdiffusion estimations, the storage modulus for the PP-PETG
unmodified printed material showed a low level of PP/PETG interfacial interaction. The modulus
is lower than that for pure PP (below Tg of PP), pure PETG, and calculated additive storage
modulus dependence across the whole temperature range. The modulus of the unmodified binary
system was then compared with the PPw3.5%PETG-PETG printed sample (Figure 4.11), which
showed a noticeable improvement across the entire temperature range. In fact, the storage modulus
for the PPw3.5%PETG-PETG is somewhat above the modulus predicted by the PP-PETG additive
line.
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Figure 4.11: PPw3.5%PETG-PETG and PP-PETG umodified printed system.

The complete results for the binary materials containing the hybrid PPwPETG are shown
in Figure 4.12. Improvements can be seen for all materials containing the hybrid filaments
compared to the unmodified PP-PETG system. We note that the binary samples utilizing hybrid
filaments with 0.7%, 1.4%, and 2.1% of PETG inclusions have the highest storage modulus values.
There is no significant difference between the samples. As for the single PP-based filaments
materials reported in Chapter 3, filaments with 3.5% of PETG also showed improvements but to a
lower extent than the binary materials with the lower PETG content. The DMA results demonstrate
a strengthening effect of employing PPwPETG filaments in the binary PP-PETG printed
structures.
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Figure 4.12: Storage modulus for binary printed samples.
The data confirmed that with an increase in PETG concentration in the PP matrix, the
mechanical properties are not improving further and tend to decrease. We reiterate that this
phenomenon is connected to possible overpopulating of the PPwPETG/PETG boundary with
PETG inclusions at the higher concentrations, which can be caused by a geometrical decrease in
the interfacial anchoring (Figure 4.4) and/or the effect of reduced density (sintering) of the sample
(Table 4.2). To differentiate between those scenarios, we recalculated data for the storage moduli
to consider the difference in the cross-section of the materials using density measurements (Table
4.3). The adjusted data demonstrated that the somewhat lower level of the PPw3.5%PETG-PETG
sample sintering is not the only parameter negatively influencing the printed structure’s storage
modulus. Thus, interfacial anchoring is less effective in this case. We suggest that, to some degree,
Scenario II (Figure 4.4) of interfacial anchoring is realized for these materials. It is also necessary
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to point out that the adjusted values of the storage moduli for all binary materials containing
PPwPETG filaments are still higher than the adjusted modulus of the binary material printed with
PP filaments. This result confirms the significant contribution of the interfacial anchoring to the
overall mechanical properties of the binary printed structures.

Modeling of binary PP-PETG storage modulus
It was shown via modeling in Chapter 3 that the minute amount of PETG material added to PP
does not influence the storage modulus of the PP filaments (Figure 3.36). Thus, we did not
consider PETG addition to PP filaments in the modeling. The most straightforward models that
we could use to model PP-PETG binary materials are the series (Equation 4.3) and parallel
(Equation 4.4) models depicted in Figure 4.13:4

Figure 4.13: Isostrain (left) and isostress
(right) models.

𝐸𝐸 = 𝐸𝐸1 ∅1 + 𝐸𝐸2 ∅2 (Isostrain, parallel model)
∅1

𝐸𝐸 = (

𝐸𝐸1

+

∅2 −1
)
𝐸𝐸2

(Isostress, series model)

(4.3)
(4.4)

where E is the storage modulus of the PP-PETG and PPwPETG-PETG binary materials, E1 and
E2 are the properties of each component (PP and PETG printed single filament structures ), and ∅1
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and ∅2 are the volume fractions of each component. The upper bound for the materials is the

isostrain condition, while the lower bound is the isostress condition.
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Figure 4.14: Comparison of the theoretical and experimental results for PP-PETG binary
systems.

We note that, until Tg of PETG is reached, the binary PP-PETG samples have a storage
modulus below the one predicted by the lower bound isostress model (Figure 4.14). The result
indicates that the level of bonding between the PP and PETG materials is quite low. This weakness
can best be explained due to the immiscibility between the polymer pairs leading to a thin and
fragile interface. Conversely, the binary samples built using PPwPETG filaments demonstrate
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experimental storage modulus well above the values predicted by the models. We associate this
improvement with a synergistic effect, where the strength of the PP/PETG interface is improved
as well as (as shown in Chapter 3) the strength of PP/PP contacts, which is also present in the
binary printed structure.

PP-PETG

PPw0.7%PETG-PETG

PPw1.4%PETG-PETG

PPw2.1%PETG-PETG

PPw3.5%PETG-PETG

Storage Modulus @ 40 °C (MPa)

1294

2250

2325

2261

1779

1849

2813

2815

2826

2336

Storage Modulus @
25 °C (MPa)

831

1352

1413

1327

1083

1187

1690

1711

1659

1419

319

489

502

458

416

456

611

608

573

545

Loss Modulus Peak
Temperature PP (°C)

9

10

9

9

10

Loss Modulus Peak
Temperature PETG
(°C)

76

74

74

74

76

Peak Tan Delta
Temperature PP (°C)

13

13

12

13

13

Peak Tan Delta
Temperature PETG
(°C)

80

78

77

77

79

Storage Modulus @
75 °C (MPa)

Table 4.3: Summary of DMA results. For the storage modulus data top subrow shows data as obtained and
low subrow shows data adjusted using density of the samples.
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DMA of the PP-PETG binary samples printed at 0° orientation
In addition to the binary PP-PETG samples with more practically important 45° filament
placement (discussed above), the binary model samples with the 0° placement were also fabricated.
We tested those samples in the direction of filaments which thus were aligned with the applied
stress. Therefore, the strength of the PP-PETG interfaces is less important for the materials. Due
to the 0o placement, the samples are expected to have a higher modulus in the filament direction.
For the sake of comparison, we fabricated single filament PP and PETG structures as well as the
binary PP-PETG and PPw3.5%PETG-PETG materials. Results of the DMA experiments are
shown in Figures 4.15-4.17.
First of all, we note that the loss modulus and tan delta data show that thermal transitions
in the materials are practically independent of the printing orientations (Figures 4.8, 4.9, 4.14,
4.15). Figure 4.17 displays the storage modulus for these four materials. One can see that PPPETG and PPw3.5%PETG-PETG samples have practically identical behavior, lying very much
between the pure PP and PETG curves. The result confirms that the interface in the binary
materials is not experiencing significant tensile forces. As this weak adhesive point is not being
stressed to a high degree, we get close results between the pure material and the hybrid sample.
The PPw3.5%PETG-PETG sample, printed at 45o (Figure 4.10), has a storage modulus lower than
the one measured for the 0o binary samples. However, the 45o binary samples with lower content
of the PETG inclusions (PPw0.7-2.1%PETG-PETG) have practically the same values of storage
modulus as the ones printed at 0o (Figure 4.12). This result corroborates our preceding conclusion
that interfacial anchoring is quite effective in those materials.
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Figure 4.15: Loss Modulus for the 0° samples.
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Figure 4.16: Tan Delta for the 0° samples.
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Figure 4.17: Storage Modulus Loss Modulus for the 0° samples.

4.3.4: Compression Testing of the Binary Structures.
Figures 4.16-4.18 show the compression test results for the printed binary samples and the
printed structures fabricated from the single PP and PETG filaments. From the elastics region of
the stress-strain curves, Young’s modulus for the materials was determined (Figure 4.18). We
note that the addition of PETG inclusions to PP filaments considerably increases the elastic
modulus of the binary printed structures compared to the PP-PETG binary printed structures. The
highest value of the modulus was found for the PPw2.1%PETG material. However, within the
statistical error, we can conclude that there is no obvious correlation between the PETG content in
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PPwPETG and the modulus. In general, incorporating PETG in the PP filament increased the
modulus of the binary materials between 30 and 50%. Based on the modulus measurements for PP
and PETG one-component structure, we can calculate a value for the binary printed samples using
an additive model. The expected additive value is 888 MPa for PP-PETG materials. The actual
value measured is 495 MPa, which is ~ 45% lower than the predicted one. For the binary systems
that were fabricated using PPwPETG filaments, the decrease is only between 17 and 27%.
1600
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Figure 4.18: Young’s modulus for PP-PETG printed structures in coparison to the single
component printed materials.
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Besides the simplified additive model, we can interpret the modulus results of compression
using isostrain (Equation 4.3) and isostress (Equation 4.3), which can predict the upper and lower
bound for Young’s modulus measured in the compression test. The calculation results and
experimental data are presented in Table 4.4. Based on these models, we can see that the
unmodified binary prints show incredibly weak interactions and behave close to the lower
theoretical limit. At the same time, the modulus for the samples utilizing hybrid PPwPETG
filaments have values between the lower and upper bound.

Young's Modulus (MPa)
Upper Limit (Isostrain)

847

Lower Limit (Isostress)

477

PP-PETG

495

PPw0.7%PETG-PETG

650

PPw1.4%PETG-PETG

646

PPw2.1%PETG-PETG

738

PPw3.5%PETG-PETG

683

Table 4.4: Calculated and experimental values of Young’s
modulus for the binary printed materials.
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The yield stress and strain were also measured for all materials (Figure 4.19-4.20). A
similar trend can be observed from the yield stress results, where adding 1.4%, 2.1, and 3.5% of
PETG led to an increase of stress at yield by ~20%. We did not observe any increase in the yield
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Figure 4.19: Yield stress for PP-PETG printed structures in coparison to the single component
printed materials.
stress for the sample containing PPw0.7%PETG. The yield strain, however, was not significantly
altered when PPwPETG filaments were used. In general, when overall compression testing results
are considered, the medium amount of PETG addition to PP filaments demonstrated the best
performance in the compression test.
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Finally, toughness was also calculated through the same method described in chapter 3
(Figure 4.19). From these results we can see that all the binary prints showed improvements when
compared to the PP-PETG system. These results follow what was seen in the Young’s Modulus
and yield stress, with the medium amount PETG additions giving the greatest improvement.
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Figure 4.20: Yield Strain for PP-PETG printed structures in comparison to the single
component printed materials.
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Figure 4.21: Toughness for PP-PETG printed structures in comparison to binary printed
materials.
4.5 CONCLUSIONS
The following conclusions can be derived as a result of our study reported in Chapter 4
•

Employment of PPwPETG hybrid filaments significantly increases PP/PETG adhesion
level in binary printed materials made from PETG and PP-based filaments.

•

Density measurements demonstrated improved sintering in the 3D printed binary materials
when the materials were fabricated using PPwPETG hybrid filaments instead of pure PP
filaments.
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•

Mechanical tests using DMA and compressive testing for printed structures showed
considerable improvements in mechanical properties originating from the addition of
PETG compared to the pure PP.

•

The results of the mechanical tests point to the conclusion that the highest level of
improvement of the properties is obtained for the medium PETG content in the hybrid
filaments used.
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CHAPTER 5
3D PRINTING OF POLYPROPYLENE – SIC WHISKERS COMPOSITE FILAMENT
5.1: INTRODUCTION.
With the previous chapter focusing on polymer-polymer systems, this chapter focuses on
composite PP-based filament containing Silicon Carbide Whiskers (SiCW) to improve properties
of PP printed structures. Adding minute amounts of SiCW to the semi-crystalline PP matrix affects
the material in ways that tie back to the material limitations previously discussed in Chapter 3.
First, the addition of inorganic fillers to create polymer-based composites has been shown to
reinforce polymeric material1, reduce shrinkage from printing2, and reduce anisotropy in printed
parts3. These composites have been successfully used in polymers for years, but their use in FDM
has yielded inconclusive results, with improvements in one aspect often leading to losses in
another. However, the use of inorganic fillers still appears as a possible solution to close the gap
between FDM-produced parts and traditional fabrication methods, provided that concentration4
and the interfacial interaction between the inorganic filler and polymer matrix are adequately
addressed5.
Therefore, this chapter's principal target is to improve the mechanical properties of 3D
printed PP by adding SiCWs. SiCWs were chosen due to their excellent mechanical properties and
ability to absorb microwave irradiation and, therefore, generate heat locally. We envision this will
allow local heating of printed parts without sacrificing structural integrity and improve overall
adhesion between the 3D printed polymer layers (Figure 5.1). Similar works with various
fabrication methods and results have been pursued with other microwave absorbing
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Microwave
Treatment

Figure 5.1: Scheme for PPwSiC Treatment Process.
materials/polymer pairs such as ABS/carbon nanotubes(CNT)6, PLA/CNT7 PLA/SiC8, and
PLA/graphene9. To this end, we report the fabrication of PPwSiC filaments and their employment
in the fabrication of PP 3D printed structures. The attractiveness of employing SiCWs in composite
materials resides in their exceptional physical properties, such as a high modulus, thermal and
radiation stability, abrasion resistance, a low coefficient of thermal expansion, high thermal
conductivity, and low electrical conductivity.10, 11 The filament morphology and the effect of
SiCWs on mechanical and thermal properties of the materials printed were studied using SEM,
DSC, DMA, and compression testing.
5.1.1: Approach.
5.1.2: Importance of SiC Whiskers.
With the fabrication of the composite filament, we needed to consider the interaction
between the polymer matrix and the inorganic additive. This interaction is crucial for composites
but even more so in the 3D printing field where the material is heated/melted/solidified, and bulk
strength is directly tied to the interfacial strength of multiple individual layers. Voids within the
print can serve as stress points and greatly affect final properties12.
While most works with microwavable materials utilize a different inorganic material or a
different polymer matrix, SiCWs have ideal properties for converting microwaves to heat without
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the risk of degrading the polymer matrix8, such as carbon nanotubes6. While other systems utilized
PLA or ABS, Spoerk et al. utilized alkyl silane coating for their PP-glass sphere composite to
improve interfacial interactions13. To explore the impact of alkyl silane coating on dispersity,
microwave heating, and mechanical properties, samples were created with and without a silane
coating of SiCWs.
5.2: Experimental.
5.2.1: SiCW Coating and Filament Fabrication.
While the extrusion and printing processes followed the same protocol established in
previous chapters, the fabrication of our starting
material required additional steps to disperse the
SiCW in PP. First, two sets of 50 g PP pellets were
set aside, as were two containers of 1.5 grams of SiC
Whisker (SC-9M) powder provided by Advance
Composite Materials LLC (Figure 5.2). The
whiskers have diameters in the range of 0.2–0.6 μm

Figure 5.2: SEM image of SiC Whiskers.

(0.42 μm average) and lengths from 2 to16 μm (4.2
μm average).14 With the whiskers having a density15 of 3.21 g/cm2, the weight percentage of 3%
SiC was 0.84% by volume. The two containers of SiCW were filled with MEK solvent for rinsing
purposes to remove any contaminants from the surface. These two tubes were shaken vigorously
on a shaker before centrifuging and decanting the MEK solvent. This process was repeated for a
total of three washes. The composites were prepared in the same way, with the exception of the
silane coating for the silane-coated whiskers. Silane solution was prepared by adding silane
(Trimethoxy(octadecyl) silane from Sigma Aldrich) to MEK solvent to form a 5% by volume
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solution (Figure 5.3)16. This solution was added to one of the SiCW tubes and allowed to sit
overnight on an orbital shaker at a low speed. SiCWs were removed from each container, allowed
to dry thoroughly, and analyzed on the TGA to determine the concentration of silane coating based
on mass loss.
50 grams of PP pellets were weighed and
placed in a glass beaker. The MEK-SiCW
suspension was then slowly dropped over the
pellets (being stirred by hand using a spatula) until

Figure 5.3: Trimethoxy(octadecyl)
silane16.

the solution was exhausted and the pellets were
thoroughly coated. The pellets were then covered
with aluminum foil and allowed to dry thoroughly
to allow MEK solvent to evaporate. This
preparation was repeated for the silane coated
SiCWs. Once the samples had dried, they were
extruded, following the same process described in

Figure 5.4: PPwSiC Filament.

Chapter 3 (Figure 5.4).
5.2.2: Filament Characterization SEM.
The dispersal of uncoated and silane-coated SiCWs was highly important for mechanical
properties and microwave treatment. To this end, following the filament fabrication process,
samples were prepared through the same cryofracture method described before, and the crosssection was examined with the SEM. Energy Dispersive X-Rays (EDX) analysis was also utilized
to confirm the atomic composition of SiCW additive within the polymer matrix.
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5.2.3 Filament Characterization – DSC.
The impact of SiCW inorganic additive on PP's thermal transitions and crystallinity was
analyzed using DSC. Testing conditions and sample prep were consistent with what was reported
in the previous chapters.
5.2.4: Printing Process.
DMA and compression testing samples were printed following the protocols reported in
Chapters 3 and 4. Two sets of each material were printed so that one test could be tested as is and
the other could be tested following the microwave treatment. In addition to these samples,
microwave temperature measuring cubes ("temperature cubes") were printed, which had the same
dimensions as the cubes made for the compression testing, with the only exception that a hole with
a depth of 5 mm was formed into the cube so that microwave-safe temperature probe could read
the internal temperature during the treatment.
5.2.5: Microwave Treatment.
The microwave treatment process required
three crucial parameters for reproducible treatment.
First, the microwave treatment had to be consistent;
second, the internal temperature of the samples
needed to be measured, and finally, the effect of
heating from the environment had to be minimized.
For the first part, a Laboratory Microwave (1000W)
from Microwave Research and Applications Inc
(Figure 5.5) was utilized. Conventional household
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Figure 5.5: Laboratory Microwave used
in this work.

ovens regulate their power by turning the magnetron on and
off, leading to a step ladder type of heating. The lab
microwave used here allowed consistent heating without this
stair-step effect. To resolve the second issue, the
"temperature" cubes, described in section 5.2.5 were utilized
to build temperature graphs during each treatment step. The
temperature was measured using Micronor temperature
probe. Finally, to minimize the effect of heating from the
environment, the samples were placed within PE foam to

Figure 5.6: Microwave Set Up.

insulate them from the instrument's walls (Figure 5.6). This also allowed consistency regarding
the location of the samples from test to test, as microwaves were provided from the location within
the instrument. The testing regiment was set to 100% power setting for 5 minutes. To determine
whether the environment impacted final properties, pure PP cubes were also treated and tested.
5.2.6: Print Characterization – DSC.
After the printing process, DSC was used to determine the printed samples' thermal
transitions and degree of crystallinity.
5.2.7: Mechanical Testing – DMA.
DMA testing was conducted following the same testing conditions reported in the previous
chapters. While the orientation of the infill angle had been explored in Chapter 4, for these samples,
a 45° orientation was solely used in this part of the study.
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5.2.8: Mechanical Testing – Compression Testing.
Samples were printed under the same conditions as Chapters 3 and 4, with two sets of
samples printed to determine the effect of the microwave treatment.
5.2.9: Density Measurements.
As in Chapter 3, density was calculated to determine the sintering level during the 3D
printing process.
5.3: Results and Discussion.
5.3.1: Fabrication of extruded filaments.
Following the coating step of the SiCW, both control SiCW and silane coated SiCWs were
analyzed using TGA

SiC Control
SiC Silane

(Thermal Gravitation
Analysis).

100.0

By

loss, the amount of the
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Figure 5.7: TGA result for treated and untreated SiC whiskers.

whisker
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density (3.21 g/cm3), the silane density (0.88 g/cm3), and the weight loss, Equation 5.1 could be
utilized to determine the overall thickness:
(1+%𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑟𝑟𝑤𝑤ℎ𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ (�(100−%𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ∗

𝜌𝜌𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

− 1)

(5.1)

From this calculation, an approximated 0.76 nm polymer thickness was found on the
whisker surface. Based on the structure of the silane used, and assuming a fully extended
confirmation for each bond, we would expect a thickness of 2.3 nm. This confirms that the coating
is a monolayer with the chains at a tilted angle. This titling is well established in literature and
affected primarily by substrate material and concentration17. Once the pellets had been prepared,
the extrusion step was performed as before (two times extrusion with diameter carefully regulated
through winding rate).
5.3.2: Extruded Filament Characterization – SEM.
To determine the distribution of the SiCWs additive in the PP matrix, filament samples
were prepared via cryogenic fracture to minimize warping, and then the cross-section was

Figure 5.8: SEM of pure PP filament cross-section.
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examined under a variable pressure SEM. The cross-section of pure PP filament (Figure 5.8) was
compared to that of the PPwSiC Silane composite filaments (Figure 5.9). From these images, we
can see no aggregation of the inorganic whiskers. In addition to these images, energy-dispersive
X-ray spectroscopy (EDX) was also performed to confirm the atomic composition of the SiCWs
(Figure 5.10). The detection of Pt is directly from the coating step that was standard procedure for
non-conductive materials being imaged under the SEM to prevent charge build-up on the surface.

Figure 5.9: SEM of PPwSiC silane modified cross-section.

Figure 5.10: EDX results for PPwSiC filament.
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5.3.3: Extruded Filament Characterization – DSC.
DSC results for the first heating of filaments are shown in Table 5.1. As with the hybrid
polymer system, the percent crystallinity was adjusted based on the total weight percentage of PP
present (97% by weight PP). The results for the initial DSC heating for the filaments can also be
seen in Figure 5.11. The

Tm
Enthalpy
%
(J/g)
Temperature (°C) Crystallinity

most interesting detail is

Samples

the difference in the

PP filament

83.6

164

40

PPwSiC filament

78

164

39

PPwSiC Silane
filament

84.5

163

42

peaks

between

the

PPwSiC and the PPwSiC

Table 5.1: DSC Results of Composites.

Silane filament samples,

with the silane samples showing a narrower but sharper peak which shows a more uniform crystal
size within the material. This sharpness can be seen for the main crystalline peak typically seen in
PP for α-crystals and the lower temperature peak a associated with β-crystals. Beyond this, we
cannot observe a significant difference in percent crystallinity from this initial DSC heating, as the
filaments showed around the same percent of crystallinity even after adding the inorganic additive.
The second heating on the DSC test run was also examined for the filaments (Figure 5.12).
From these results, we could calculate changes in crystallinity and the onset glass transition
temperature (Table 5.2). Whereas the first heating curve showed a distinct change in crystallinity
Tg Onset
Enthalpy
Temperature
%
(J/g)
Temperature (°C)
(°C)
Crystallinity
Tm

Samples
PP filament

92.7

163

-8

45

PPwSiC filament

80.3

164

-12

40

PPwSiC Silane
filament

90

163

-13

Table 5.2: 2nd Heating DSC Results of Composite Filaments.
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45

with the visible β-crystals associated peak, following the initial heating and cooling, this lower
temperature peak has completely vanished, which clearly illustrates the difference in the cooling
environment when compared to that within the DSC testing chamber. We also note that PPwSiC
filament had a lower degree of crystallinity upon DCS cooling and second heating. However,
beyond this, there are no significant changes regarding crystallinity from the SiCW addition.
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Figure 5.11: 1st Heating DSC results of composite filaments in comparison to
pure PP filament.
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Figure 5.12: 2nd Heating DSC results of composite filaments in comparison to
pure PP filament.
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5.3.4: Print Process.
Samples from the composite filaments were printed without challenges for DMA and
compression testing measurements. Their dimensions were recorded, and measurement results
were adjusted based on the actual dimensions of the samples.
5.3.5: Microwave Treatment: Temperature attained.
The results from the microwave treatment of the "temperature cubes" can be seen in Figure
5.13. These results showed the improvement in heating provided by adding the microwave
PPwSiC Silane
PPwSiC
PP

90

Temperature (°C)

80
70
60
50
40
30
20
0

100

200

300

400

500

Time (s)

Figure 5.13: MW Results from MW heating of “temperature cubes”.
absorbent SiCWs to the PP matrix. Equally encouraging, these high heating levels were reached
without any significant structural dimensional change to the 3D printed cubes. One major
observation that can be seen is the effect that the silane coating has when compared to the pure
SiCW sample. While the SiCW sample still shows improved heating compared to the pure PP
cube, the silane-coated SiCWs show superior interfacial interaction, which translates to a much
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better distribution of the microwaved-induced heating. While the PP cube did not show significant
heating, samples were still printed and treated with MW treatment as well to determine if the
heated environment significantly affected the final mechanical properties.
5.3.6: Print Characterization – DSC.
The first heating DSC data for the printed samples are shown in Table 5.3 and Figure 5.14.
The time that the filament was heated within the printing head was relatively short, but the cooling
environment was certainly different from the extrusion process. The FDM printed parts were
printed onto a heated bed and had slight additional heating provided by the heated nozzle. The
results comparing the filament to the printed results can be seen in Table 5.3. The percent
crystallinity was again calculated and can be seen for the printed samples in Figure 5.14. The most
noteworthy observation is how the printing process greatly impacts the percent crystallinity of the
materials. Specifically, the crystallinity of the printed samples containing SiCWs was significantly
higher. We associate this observation with heterogeneous nucleation sites provided by SiCW
during printing and the extremely high thermal conductivity of the SiC whiskers. We suggest that
an increased thermal conductivity of the printed filaments allows for longer crystallization of the
lower layers heated during the top layer application.
Samples

Enthalpy
%
(J/g)
Temperature (°C) Crystallinity

PP printed

81.3

163.1

39

PPwSiC printed

103

164

51

PPwSiC Silane
Printed

107

162

53.5

Table 5.3: 1st Heating DSC results of printed samples results for composite filaments in
comparison to pure PP filament.
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Another interesting detail from the DSC results is the decrease in the lower temperature
peak associated with the β-crystals. While this was seen in the literature and other cases here, it is
interesting how consistent this disappearance in crystals is, even in the PPwSiC Silane samples,
which had previously shown a significant change in peak intensity when compared to the uncoated
SiC samples. Following the printing process, the peaks are much more closely aligned.
As before, the second heating was also analyzed, as shown in Figures 5.15 and Table 5.4.
We would like to note that the significant difference between pure PP and composite filaments in
terms of the degree of crystallinity somewhat decreased. This observation indicates that specific
printing conditions, where the sample is continuously reheated as each next layer is deposited, are
responsible for the observed difference.
Tg Onset
Enthalpy
Temperature
%
(J/g)
Temperature (°C)
(°C)
Crystallinity
Tm

Samples
PP filament

96.5

162

-6

47

PPwSiC filament

101.3

162.8

-6

50

PPwSiC Silane
filament

101

161.4

-4

50

Table 5.4: 2nd Heating DSC results of printed samples results for composite filaments in
comparison to pure PP filament.
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Figure 5.14: 1st Heating DSC results of printed samples results for composite
filaments in comparison to pure PP filament.
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Figure 5.15: 2nd Heating DSC results of printed samples results for composite
filaments in comparison to pure PP filament.
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5.3.7: Modeling SiCW influence on mechanical properties.
We estimated the increase in modulus of the samples containing SiCWs because of
reinforcing the lower modulus PP matrix with the minute amount of whiskers possessing extremely
high modulus. Specifically, we calculated the modulus of PPwSiCW composites using the HalpinTsai model commonly used to estimate nanocomposite mechanical properties.14,

18, 19

The

expresses the longitudinal and transverse engineering moduli in the following form: 20

1 + ξηf 
Eo = Em 

 1 − ηf 

η=

E f / Em − 1
E f / Em + ξ

(5.2)

(5.3)

where Eo is the composite modulus; Em is the matrix modulus (measured by us as 1.93 GPa @
25oC for PP bulk); Ef is the whisker modulus (450 GPa for SiCW11); f is the whisker volume
fraction; η whisker-to-load transfer parameter for the Halpin-Tsai equation; and ξ is the shear
coefficient (~ two times the aspect ratio of a whisker for the longitudinal, whisker direction
modulus; and 2 for the transversal, perpendicular to whisker direction, modulus). The average
aspect ratio for the whiskers used in this research is approximately 10.14 This equation estimates
the longitudinal modulus of the PPwSiCW composite material with aligned whiskers to be 2.2
GPa, a 15% increase in comparison to the PP bulk value. The modulus for randomly oriented
whiskers can be estimated using Eq. 5.3:20

3
5
E = E + E
o 8 l 8 t
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(5.3)

where El and Et are the longitudinal and transverse moduli, respectively. We have already
estimated the longitudinal modulus, and the transverse modulus was calculated by equations (5.2)
and (5.3), assuming ξ equals 218 as 1.95 GPa (~ 1%). Next, using Eq. 5.3, the modulus for the
composite with randomly distributed whiskers was estimated to be ~ 2.05 GPa which is just 6%
increase. Therefore, we can conclude that the possible increase in the modulus can be between 1
and 15%, depending on the orientation of the fibers in the printed filaments. However, since the
prints are produced with the 45o orientation, we expect that the highest possible modulus increase
(even if all SiCWs are oriented along the printed filaments) would be ~10%, an average between
6 and 15%.

5.3.8: Mechanical Testing – DMA.
DMA was utilized to record the storage modulus, the loss modulus, and the tan delta to
investigate the viscoelastic properties of the materials as a function of temperature. These studies
utilized a printing orientation with a 45° infill, which struck a good balance between having the
material oriented parallel or perpendicular to the constant strain rate. Since the printed structures
produced with PPwSiCW Silane filaments demonstrate more efficient heating with microwave,
the mechanical properties of only those samples were tested.
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The storage modulus results can be seen in Figure 5.16. One can see how the addition of
the SiCWs demonstrated an immediate improvement compared to the pure PP samples. As shown
by the calculations above, this improvement can not be explained simply by the reinforcing effect
of high-modulus SiCWs. At room temperature (25 °C), PP had a storage modulus slightly below
1000 MPa, while both the treated and untreated PPwSiC Silane samples had values closer to 1500
MPa. However, the greatest difference is seen when the materials are well below the glass
transition temperature for PP. Around -50 °C the PP sample shows a storage modulus of around
1700 MPa, while both the composite samples show at least 2700 MPa. While this is still not equal
to what is seen in bulk PP (Figure 3.32), we have closed the gap significantly from the unmodified
PP prints. At this stage, we can also see the greatest difference between the two PPwSiCW Silane
PPwSiC-Silane Post MW
PP
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Figure 5.16: Storage modulus of printed samples results for untreated and
microwave treated composite filaments in comparison to pure PP filament.
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samples, with the microwave-treated sample showing an increase to values above 3000 MPa. As
the DMA test runs through higher and higher temperatures, these differences greatly decrease with
a loss in mechanical properties for PP, but the microwave-treated samples do maintain a slight
edge all the way throughout. We associate the improvement of the mechanical properties with an
increase in the degree of crystallinity of the PPwSiCWs samples and interfacial adhesion
(especially for the microwave-treated samples).
The loss modulus and tan delta results are shown in Figure 5.17 and Figure 5.8,
respectively. The data shows that the glass transition temperature of PP matrix is not affected by
the SiCWs addition and thus does not affect the modulus results.
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Figure 5.17: Loss modulus of printed samples results for untreated and
microwave treated composite filaments in comparison to pure PP filament.

147

PPwSiC Silane PostMW
PPwSiC Silane
PP

0.10
0.09

Tan Delta

0.08
0.07
0.06
0.05
0.04
0.03
0.02

-60

-40

-20

0

20

40

60

80

100

120

140

Temperature (°C)

Figure 5.18: Tan delta of printed samples results for untreated and microwave
treated composite filaments in comparison to pure PP filament.
Density Adjusted Storage Modulus Results
Following what was seen in Chapters 3 and 4, the Storage Modulus for the PPwSiCW
samples were found at critical periods. While no PETG was present in this system, the temperature
ranges chosen were kept for easier comparison between all the materials. Just as was done before,
these values were adjusted based on void space present (Table 5.5). The results follow what was
seen in the previously discussed DMA results, but it is also noteworthy to compare our PPwSiCW
samples with the PETG inclusion samples (Table 3.15). The reinforced, post MW treatment
samples had the greatest storage modulus at -40 °C. Even the untreated sample was comparable to
the best PETG inclusion sample. These samples were also the closest to what was seen from the
bulk PP (3993 MPa), Only about 2% lower than what was achieved through traditional
148

manufacturing methods. This highlights the value of not only reinforcement through SiCW as an
effective method to produce parts on the level of traditional manufacturing methods, but also of
the value of the MW treatment.

Storage
Modulus @
-40 °C
(MPa)
Storage
Modulus @
25 °C
(MPa)
Storage
Modulus @
75 °C
(MPa)

PPwSiC
Silane

PPwSiC Silane MW

2839

3118

3687

3947

1122

1275

1457

1614

501

542

651

686

Table 5.5: Summary of DMA results. For the storage modulus data top subrow shows
data as obtained and low subrow shows data adjusted using density of the samples.
5.3.8 Compression Testing of the printed structures.
In addition to DMA testing, 10mm3 samples were printed from all the materials and either
treated via microwave or left untreated. All samples were tested on an Instron at a 10 mm/min
compression rate. Three samples were tested per set, with one set going through the microwave
treatment and the other left untreated. From these tests, stress and strain graphs were built and
Young's modulus was calculated based on the slope during the linear elastic region. The results of
these tests are displayed in Figure 5.19. These results showed the positive impact of the microwave
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treatment. The untreated PPwSiC Silane samples showed a slight decrease in the Young's modulus
compared to the pure PP samples, with Young's modulus close to 250 MPa, although this was well
within the standard deviation for these samples. However, following the microwave treatment, the
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Figure 5.19: Young’s modulus of printed samples results for
untreated and microwave treated composite filaments in comparison
to pure PP filament.
PPwSiC Silane samples showed great improvement, nearly doubling their untreated counterparts.
These improvements also translated to the yield stress (Figure 5.20) that the samples displayed,
with both PP and untreated PPwSiC silane having yield stress close to 35 MPa, while the treated
samples had values closer to 50 MPa. From these results we can also calculate the samples’
toughness, or their ability to absorb energy without fracture, based on the area under the stress and
strain curves (Figure 5.21). The reinforced PPwSiC Silane sample had a toughness very similar
to PP (12 MPa) while the microwaved samples showed significant improvement (19 MPa). The
improvement in toughness shows not only improved strength but also ductility which is due to
improved stress transfer across the polymer layers following the additional heating provided by
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the MW treatment. However, these improvements did not translate to superior yield strain (Figure
5.22), with the untreated PPwSiC Silane samples having the strain very much in line with what we
saw for regular PP printed samples. For these values, because of higher modulus, the treated
samples demonstrated a loss in properties, with a noticeable decrease in the yield strain.
Finally, pure PP samples were treated with microwave under the same conditions and
compared to untreated samples to determine how the microwave oven's environment heating
influenced the final properties. Results are displayed in Figure 5.23, with the main conclusion
being that the elevated chamber temperature was not high enough to influence the bulk properties
from the printed part.
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Figure 5.20: Yield stress of printed samples results for untreated
and microwave treated composite filaments in comparison to pure
PP filament.
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Figure 5.21: Toughness calculation for MW treated samples.
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Figure 5.22: Yield strain of printed samples results for untreated
and microwave treated composite filaments in comparison to pure
PP filament.
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Figure 5.23: Youngs modulus result for PP printed samples
untreated and subjected to the microwave treatment.
5.3.9. Evaluation of sintering level via density of the printed samples
As in Chapters 3 and 4, we used the density measurement (Table 5.6) as a parameter to evaluate
the level of sintering in the printed structures. Results show that the samples containing SiCWs

Sample

Density (g/cm )

Void Fraction in
comparison to the PP bulk

PPwSiC Silane

0.72

23%

MW PPwSiC
Silane

0.73

21%

PP (Printed)

0.66

28%

PP (Bulk)

0.91

-

SiC

3.21

-

3

Table 5.6: Density measurements for the materials.
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have a higher density than pure PP printed material. Another observation is that microwave
treatment does not increase the material density significantly.
5.4: Conclusions.
The following results can be derived as a result of our study reported in Chapter 5
•

Composite filaments with 3D printing capabilities with both untreated and treated SiC
whiskers were successfully extruded

•

SiCW offer measurable temperature increases in printed composite parts in course of
microwave treatment

•

Additional time for polymer rearrangement to occur at the polymer weld interface is
achieved following MW treatment which can be seen from the improvements in
mechanical properties for both DMA and compression testing
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CHAPTER SIX
BINARY PP/PETG PRINTED MATERIALS USING PP FILAMENTS REINFORCED
WITH PETG INCLUSIONS AND SiC WHISKERS
6.1: Introduction.
In our preceding work, we established two important relationships. The first was that
utilizing PETG additive in PP filaments allowed for improved interfacial anchoring when printed
alongside pure PETG. While this interaction at the immiscible polymer interface was not solely
dependent on diffusion, as the nature of 3D printing adds an additional obstacle due to the
orientation of the polymer chains following the extrusion1, for the PETG additive, there was still
enough time for significant entanglements to occur and the strength across the polymer-polymer
interface to form. The second finding was the positive impact of utilizing SiC whiskers as heating
elements that provide additional heat to the printed structures during microwave treatment. This
treatment allowed the printed parts to retain their structural integrity while extending the time the
polymer chains had to entangle across the boundary and strengthen the interface between the
printed layers.
To this end, in this chapter, we report on exploring a combined methodology where the
PETG inclusions are premixed with SiC whiskers and blended into PP filaments (Figure 6.1). This
combined method seeks to take advantage of both the effective interdiffusion of PETG chains as
well as the extended time for entanglement provided by the post-printing treatment with
microwaves. The distribution and effect of the PETG-SiCWs on mechanical and thermal properties
of the composites were studied through SEM, DSC, DMA, and compressive testing. We printed
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and studied two sets of samples: (i) fabricated using a single PPwSiCWwPETG filament and (ii)
binary PPwSiCWwPETG-PETG made from PPwSiCWwPETG and PETG filaments (Figure 6.1).

Figure 6.1: Scheme of PPwSiCwPETG-PETG System.

6.2 Experimental
6.2.1: Coating of SiC Whiskers
While the procedure for the filament extrusion and the SiC whisker addition had been
previously established, the mixing methodology for PETG-SiCW had to be developed. Since PP
is not readily soluble in many common solvents, we had previously utilized an extrusion method
for SiC whisker dispersal. This methodology provided effective dispersal and minimum
aggregation. In this part of the work, we
decided to take advantage of the solubility of
PETG in hexafluoro-2-propanol (HFIP) to
better mix PETG with SiC whiskers. The first
step was to dissolve PETG to obtain a 20%
solution in HFIP. This solution was then mixed
with washed SiC to obtain a 27:73 ratio of
SiCW to PETG (Figure 6.2). This dried mix
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Figure 6.2: Dried PETG-SiCW mixture.

was the starting material for the extrusion step. TGA was conducted on this starting material to
confirm the mixture's ratio between PETG and SiCW.
6.2.2: Filament Fabrication
The same conditions were
used for the filament fabrication
process as reported in the previous
chapters, except for the total amount
of material used. Namely, 1 gram of
PETG-SiCW was dry mixed with 20
grams of PP pellets (Figure 6.3). This
procedure resulted in 5% by weight of
SiCwPETG in the PPwSiCWwPETG

Figure 6.3: Mixed PP pellets and PETG-SiC composite.

filament, which was extruded a
second time so as to achieve adequate dispersal.
Using the density of PETG and SiCW, the density
of the additive given the weight fraction is ~1.84
g/cm3. While the weight fraction was 95:5
regarding PP and SiCW/PETG, the volumetric
ratio would then be 97.6:2.4, with PP in the major
phase. The size of the filament diameter was also
carefully regulated and produced filament that
could be readily printed (Figure 6.4). As any
viscosity changes will impact the material’s ability
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Figure 6.4: PPwSiCWwPETG filament.

to coalesce during the printing step2, the MFI value for the new material was found under the same
conditions as were used for PP in Chapter 3. This value was 2.6 grams/10 min and showed a slight
increase in the material’s ability to flow at the printing temperature.
6.2.3: Filament Characterization with DSC.
The PETG/SiCW additive's impact on PP's thermal properties was measured with DSC
with conditions kept constant with what was seen in prior chapters.
6.2.4: SEM Imaging of Filaments.
While we had previously successfully dispersed both SiC Whiskers and PETG minor phase
in the PP matrix, it was important to see how the coated whiskers would disperse and what would
happen to the PETG inclusions once the material was processed. To this end, SEM imaging was
conducted on the composite filaments cross-section with the same procedure discussed in prior
chapters.
6.2.5: 3D Printing Process.
Samples for DMA and compression testing were printed with the same printing file as was
used to obtain materials reported in the previous chapters. Additionally, two "temperature cubes"
were printed as before, one of pure PPwSiCwPETG and one with a 50:50 ratio between the
composite filament and pure PETG, to approximate the internal temperature of the printed parts
following the microwave treatment step.
6.2.6: Microwave Treatment.
Microwave treatment was conducted with the same conditions as reported in Chapter 5.
Tests were done on the pure composite material and printed alongside pure PETG.
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6.2.7: DSC of Printed Samples.
Once the samples were printed, DSC was conducted on the printed parts to determine any
potential changes in thermal transitions and crystallization for the PP matrix. The one difference
that should be noted is that, unlike the filament testing, the cooling ratio for these samples had a
10 °C/min cooling rate rather than the 20 °C/min rate used previously. While this would not affect
the first heating ramp rate, the second heating DSC results should only be compared to each other.
6.2.8 SEM Imaging of Printed Samples.
As was done in the previous chapters, the cross-section of the printed material was
examined with SEM. These samples were collected when printed without a printing bed. Due to
the presence of the SiC whiskers, no HFIP solvent extraction was performed.
6.2.9 Dynamic Mechanical Analysis (DMA) of Printed Samples.
DMA testing was performed on four sample sets: PPwSiCWwPETG non-microwaved,
PPwSiCWwPETG microwave treated, PETG-PPwSiCWwPETG non-microwaved, and PETGPPwSiCWwPETG microwave treated. The conditions were the same as reported in the previous
chapters.
6.2.10 Compression Testing.
Samples were printed in the same four sets as done with DMA testing and tested with the
same conditions described in Chapter 3. Similarly, stress versus strain curves were recorded, and
Young's modulus, yield stress, yield strain, and toughness values were determined.
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6.2.11 Density Measurements.
Density was calculated for the printed samples to determine the level of sintering in the
printed samples. Beyond the changes from neat 3D printed PP, density changes were also
measured before and after microwave treatment.
6.3: Results and Discussion.
6.3.1: Extruded Filament Characterization: DSC.
Results for the first heating of the samples can be seen in Figure 6.5. From these results,
one can see that the overall peak shape is not too different between the composite and PP filaments,
which shows that the overall

Peak
Temperature
Enthalpy of Melting
%
(J/g)
(Tmp) (°C) Crystallinity

crystal size distribution is
not greatly affected by the
addition of the PETG/SiCW
inclusions

to

the

material.

PP

Percent

crystallinity

was

Samples
PP filament

83.6

164

40

PPwSiCWwPETG

89.3

161

45

Table 6.1: First heat DSC results for the extruded filaments.

also

calculated, with attention paid to the modified value needed due to the change in weight fraction
used (Table 6.1). While
there

was

a

Second Heating
Peak
Temperature
Enthalpy of Melting Tg
Tg
%
(J/g)
(Tmp)(°C) Onset Midpoint Crystallinit

slight

increase in crystallinity,
this is similar to what
was seen previously for

Samples
PP filament

92.7

163

-8

-4

45

PPwSiCWwPETG

93.3

161

-14

-6

47

Table 6.2: Second heat DSC results for the extruded filaments.
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the addition of PETG, and these differences should only have a marginal effect on overall
mechanical properties.
Results from the second heating can be seen in Figure 6.6. The second heating was utilized
to gauge the glass transition temperature for the materials (Table 6.2). We could also see that the
difference in crystallinity was reduced, reiterating the point that the addition of PETG/SiCW
inclusions will not have a large effect on crystal formation in the composite filaments during
printing. Looking at the DSC curves, the biggest difference is that the lower temperature peak
associated with the β-crystals is more pertinent for the composite filament, although this difference
is slight.
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Figure 6.5: First heat DSC results for the extruded filaments.
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Figure 6.6: Second heat DSC results for the extruded filaments.
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6.3.2: SEM Images of Extruded Filaments.
The samples were prepared through the cryo-fracture and then coated for proper imaging
on SEM. The results of the imaging are displayed in Figure 6.7. One can see two important
observations. First, there is no significant aggregation of the SiCW in the filament. The whiskers
are well dispersed throughout the material and located within PETG inclusions. We did not find
any whiskers that migrated into the PP matrix. They are also oriented, as the SiCW were in
previous studies (Chapter 5), with the whiskers aligned with the extrusion direction. Second, one
can see that the PETG phase forms coatings enveloping SiCWs. We also observed pure PETG

Figure 6.7: SEM images of cross-section of the PPwSiCWwPETG extruded filament.
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inclusions dispersed in the PP matrix, Figure 6.7 (top right). However, it appeared that, for the
most part, the PETG remained attached to the SiC rather than move elsewhere during the elevated
temperature extrusion process.
6.3.3: 3D Printing Process.
Samples were successfully printed for the compression and DMA measurements, as well
as a "temperature cube" for microwave temperature measurements (Figure 6.8).

Figure 6.8: PPwSiCWwPETG “temperature cube”.

6.3.4: Microwave Treatment.
"Temperature cubes," made of pure PP, PPwSiCWwPETG, and PPwSiCWwPETG-PETG,
were treated at 100% power for 10 minutes (Figure 6.9), with the maximum temperatures reached
listed in Table 6.3. All cubes displayed a steady increase throughout the whole treatment period.
The pure PP cube, which doesn't absorb microwaves, did not begin to heat until the surrounding
environment had reached a certain temperature. As such, its maximum temperature was
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Sample

Max Temperature (°C)

PP

63.5

PPwSiCWwPETG

78.1

PPwSiCWwPETG-PETG

92.9

Table 6.3: Maximum temperature reached following microwave treatment.
significantly lower than those for the composite or 50-50 samples. Additionally, any heat from the
environment is maximized at the outer edges of the printed part, with less heat applied to the critical
polymer-polymer interface between the printed layers.
PP
PPwSiCWwPETG
PPwSiCWwPETG-PETG

100
90

Temperature (°C)

80
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40
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20
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300
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Time (s)

Figure 6.9: MW heating of the materials.
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600

6.3.5: DSC measurements of Printed Samples
Single filament PPwSiCWwPETG samples
DSC measurements were conducted for materials fabricated from PPwSiCWwPETG
filament. The results are summarized in Table 6.4. From the first heating DSC results of the pure
composite

sample

(Figure

6.10), one can see that the
composite has a narrower peak

Samples
PP Print

Peak
Temperature
Enthalpy of Melting
%
(J/g)
(Tmp) (°C) Crystallinity
81.3

163

39

than pure PP, which accounts

PPwSiCWwPETG 92.83

163

47

for the more uniform crystal

Table 6.4: First heat DSC results for the printed samples.

size in the material containing
SiCWs. Second, although there is a difference in the crystallinity present, overall, this percent
crystallinity seen for the composite is in line with what was seen in Chapter 3 and chapter 5 DSC
results. Thus, the additives did not have a critical impact on the final crystallinity of the PP matrix.
As before, the samples were tested in heating, cooling, and then heating again regiment
with the results from the

Second Heating

second heating shown

Peak
Temperature
Tg
Tg
%
Enthalp of Melting
y (J/g) (Tmp)(°C) Onset Midpoint Crystallinity

in Figure 6.11. From
these

results

6.5),

we

determine
transition

(Table

can

also

the

glass

temperature

Samples
PP Prints

96.5

162

-6

-1

47

PPwSiCWwPETG

99.1

161.5

-12

-2

50

Table 6.5: Second heat DSC results for the printed samples.

of PP, which aligns with what is observed through the DMA results reported in the preceding
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chapters. As stated previously, these results indicate how adding the PETG-coated SiCW did not
significantly impact crystallinity in the final printed structures.
Finally, we examined how the samples responded to the microwave treatment (Figure
6.12). These results show a slight decrease in crystallinity from the untreated sample (45%) to the
treated (43%). However, the treated sample does display a broader peak, which implies that there
is a wider distribution in the overall size of the crystals. The result also indicated that during the
microwave treatment, at least some of the crystals were melted and recrystallized. This observation
falls in line between pure PP (40%) and the PPwSiC samples with silane coating (45%) for both
treated and untreated samples.
Binary PPwSiCWwPETG-PETG materials
For the binary samples printed using PPwSiCWwPETG and PETG filaments (Figure
6.13), a similar result can be seen (Table 6.6), although the difference between the untreated (38%)
and the treated (43%) samples is quite small. The changes in the weight percent in the amount of
PP present were accounted for the crystallinity calculations. With even less PP in these prints, we
expect a similar trend to continue, with the heating elements unable to affect the overall
crystallinity.
Samples

Enthalpy
(J/g)

Peak Temperature
of Melting (Tmp)(°C) % Crystallinity

PPwSiCWwPETGPETG Non MW

31.19

162

40.4

PPwSiCWwPETGPETG MW

35.63

163

41

Table 6.6: 2nd heating DSC results for the binary printed samples.
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Figure 6.10: First heat DSC results for the printed samples.
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Figure 6.11: Second heat DSC results for the printed samples.
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Figure 6.12: First heat DSC results for the single filament printed samples
before and after the MW treatment.
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Figure 6.13: First heat DSC results for the binary printed samples before and
after the MW treatment.
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6.3.6 SEM Imaging of Printed Samples.
As pointed out in prior chapters, the final heating process that the materials undergo is the
printing process itself. During this process, the material is heated above the glass transition
temperature for both polymers and Tm of PP. The polymers are extruded at different conditions
than what are used during the filament-forming extrusion. Thus, the morphology of
PPwSiCWwPETG material can be altered during printing. To this end, portions collected from the
printing head, with the printing bed removed, were prepared as before and analyzed on the SEM.
The cross-section results are shown in Figure 6.14. From these results, we can again confirm that
the PETG-coated SiC whiskers are still well dispersed and oriented in the extrusion direction. As
before, it is possible to see some remnants of PETG additive around the SiC whiskers, but for the
most part, the PETG remained adhered to the SiC whiskers.
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Figure 6.14: SEM Images of printed PPwSiCWwPETG material.
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6.3.7: DMA of Printed Samples.
Single filament PPwSiCWwPETG samples
The storage modulus (Figure 6.15) for the PPwSiCWwPETG printed samples showed no
significant changes across the temperature range examined upon microwave treatment. Any
difference was completely wiped away once we passed the glass transition temperature for PP.
Even below Tg, the differences are statistically minuscule and within error. With the SiC whiskers

PPwSiCWwPETG MW
PPwSiCWwwPETG Non MW
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Figure 6.15: Storage modulus results for MW and Non MW PPwSiCWwPETG
printed samples.
coated in PETG, this lack in difference may indicate that there was not enough time for the
localized heat to significantly affect the diffusion of PP and PETG polymer chains across the
polymer layers. The time needed is directly tied to molecular weight and crystallinity, with
crystallinity serving to reduce chain mobility and diffusion rate inversely proportional to the
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polymer's molecular weight. Additionally, due to the strengthening that occurs from the addition
of PETG and SiC whiskers, as seen in the previous chapters, any improvement from the microwave
treatment may not have been significant enough to be measured.
In previous work, the addition of PETG, as well as the addition of SiC, served to strengthen
the PP-based printed material. A direct comparison of the storage modulus for PPwSiCWwPETG
and pure PP printed materials shows that the former material has a significantly higher modulus
(see Figure 3.34 for comparison). The modulus is very close to the one found for PPwPETG printed
structures (Figure 3.34). However, the modulus of PPwSiCWwPETG is somewhat lower than that
found for PPwSiCW printed material (Figure 5.15).
Loss modulus (Figure 6.16) of PPwSiCWwPETG printed material shows a significant
difference between the microwave treated and untreated samples. The treated samples did not have
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Figure 6.16: Loss modulus results for MW and Non MW
PPwSiCWwPETG printed samples.
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a distinct peak near 80ᵒ that is associated with PETG glass transition. The peak is reduced and
shifted to a higher temperature. The treated samples also have a reduced peak slightly above 0ᵒ,
which is associated with PP. These changes show that some level of reinforcement (mobility
restriction for PP and PETG chains) did occur, even if it was not clearly seen in the storage
modulus graphs. Due to the location of the SiC whiskers, it is also logical that the greatest change
would be seen for the PETG loss modulus peak.
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PPwSiCWwPETG Non MW
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Figure 6.17: Tan delta results for MW and Non MW PPwSiCWwPETG
printed samples.

The Tan delta (Figure 6.17) shows the same pattern, although the difference in the PP peak near
the PP glass transition temperature is even less pronounced here. As the Tan delta is a ratio of the
loss modulus to the storage modulus, we can see the decrease in loss modulus reflected by the tan
delta graph. We note that there are clearly two different Tg transitions in the PETG phase. It can
be associated with a difference in mobility of the PETG macromolecules contacting SiCWs (higher
temperature transition) and those which are not in the vicinity of the SiCW surface.
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Binary PPwSiCWwPETG-PETG materials
Conversely, the reinforcement of the printed binary PPwSiCWwPETG-PETG material is
clearly observed upon MW treatment (Figure 6.18). Here the treated samples have a greater
storage modulus than the untreated samples up until the PETG glass transition temperature where
the parts see a noticeable drop in properties. While the previous work (Chapter 4) had explored
the idea of PETG additive allowing for diffusion to occur during the printing process, here we see
another jump in properties following the microwave post-printing treatment. By having the SiC
PPwSiCWwPETG-PETG MW
PPwSiCWwPETG-PETG Non MW

Storage Modulus (MPa)

2500

2000

1500

1000

500

0
-60

-40

-20

0

20

40

60

80

100

120

140

Temperature (°C)

Figure 6.18: Storage modulus results for MW and Non MW
PPwSiCWwPETG-PETG printed samples.
whiskers heat the PETG inclusions and PP chains in the vicinity, we can boost this effect even
more without sacrificing any structural integrity to the printed parts.
In Chapter 4, we reported that the incorporation of PETG into PP filaments strengthened
the binary PP-PETG printed material. In this regard, a direct comparison of the storage modulus
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for PPwSiCWwPETG-PETG and PP-PETG binary structures demonstrates that PETG/SiCW
addition significantly increases the modulus of the materials (see Figure 4.9 for comparison). The
modulus is very close to the one determined for the binary PPwPETG-PETG materials (Figure
4.9). Moreover, the modulus of PPwSiCWwPETG-PETG printed structure after the microwave
treatment is somewhat higher than that of PPwPETG-PETG printed material (Figure 4.9).
Analogously to the single filament samples, the loss modulus (Figure 6.19) shows a
decrease in the 80ᵒ peak region associated with PETG's glass transition temperature. However, in
this case, there is an increase in the loss modulus peak around the PP glass transition temperature.
This change does not seem to be significant, as in the Tan delta results (Figure 6.20); we even can
not observe this difference for PP phase. In fact, the Tan delta is dominated by the PETG filament
contribution, where we can see a clear difference between the treated and untreated samples due
to a combination of both a decrease in the loss modulus and the overall increase in the storage
modulus.
PPwSiCWwPETG-PETG MW
PPwSiCWwPETG-PETG Non MW

160

Loss Modulus (MPa)

140
120
100
80
60
40
20
0
-60

-40

-20

0

20

40

60

80

100

120

140
140

Temperature (°C)

Figure 6.19: Loss modulus modulus results for MW and Non MW
PPwSiCWwPETG-PETG printed samples.
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Figure 6.20: Tan delta modulus results for MW and Non MW
PPwSiCWwPETG-PETG printed samples.

Adjusted Density Storage Modulus Results
As was calculated in prior chapters, the storage modulus values for the DMA results at key
temperatures were chosen. These temperatures were below and above the glass transition
temperatures for the PP and PETG materials. While the observations that were discussed
previously are still valid, the most interesting comparison is how the materials compare to the other
methods of reinforcement. The PPwSiCWwPETG-PETG MW samples had properties which were
nearly identical to what was seen from the best PPwPETG sample at -40 °C (PPw1.4%PETGPETG 2325 MPa) and superior to all the PETG only inclusion binary samples when adjusted for
density. Also, once we cross through the glass transition temperatures of both polymers (75 °C),
the reinforced samples with SiCW, whether mixed with PETG or not, offered the highest level of
storage modulus. This highlights how the system described in this chapter is able to utilize the best
of both reinforcement techniques.
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PPwSiCWwPETG
Storage
Modulus
@ -40
°C
(MPa)
Storage
Modulus
@ 25 °C
(MPa)
Storage
Modulus
@ 75 °C
(MPa)

PPwSiCWwPETG PPwSiCWwPETG- PPwSiCWwPETGMW
PETG
PETG MW

2618

2416

1838

2320

3606

3328

2298

2900

1152

1106

1189

1420

1587

1523

1486

1775

440

440

521

497

606

606

651

621

Table 6.7: Summary of DMA results. For the storage modulus data top subrow shows data as
obtained and low subrow shows data adjusted using density of the samples.
6.3.8 Compression Testing for printed samples.
Compression testing, while a more destructive method of testing the samples, is a
consistent method of quantifying the overall mechanical properties of the printed samples. For this
test, compression cubes were printed from PPwSiCWwPETG and PPwSiCWwPETG-PETG
(Figure 6.21). Due to a limited amount of
available material, four samples of each
material were printed, with two samples set
aside for either treatment under microwave
or to be tested as is. While PP showed a
slight increase in temperature from the
microwave treatment, we did not find any
Figure 6.21: PPwSiCWwPETG printed cubes.

change in properties upon the treatment from
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this pure PP printed material. This was reported in Chapter 5 for the compression testing with the
MW treated; untreated samples showed a similar Young's modulus of about 250 MPa.
The single filament PPwSiCWwPETG samples had much more interesting compression
testing results. First, the "as printed" sample showed a significant increase in Young's modulus
(~600 MPa), Figure 6.22. We note that this value is the highest value measured for the single PPbased filament printed structures. However, upon the microwave treatment, this value decreased
to around 340 MPa following the microwave treatment. It is obvious that the local heating with
microwaves decreased the level of interfacial anchoring. We suggest that upon the heating,
coalescence of the PETG inclusions occurs at the interface, and Scenario II (Figure 3.28), where
the interlocking strengthening becomes less effective, is realized.
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Figure 6.22: Young’s Modulus Results for MW and Non MW PPwSiCWwPETG
and PPwSiCWwPETG-PETG.
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The binary PPwSiCWwPETG-PETG samples, on the other hand, showed the opposite
result, with the untreated samples having ~600 MPa Young's modulus and the treated samples
showing consistent improvement with an average of ~ 720 MPa. Thus the goal of employing the
microwave treatment to allow for further diffusion of the PETG chains at the interface was
achieved. It is necessary to highlight that Young's modulus of 720 MPa is close to the best values
observed for the PPwPETG-PETG binary samples (Figure 4.16). The binary PP-PETG system,
where pure PP filament was used, had a modulus of only about 480 MPa (Figure 4.16).
The yield stress and yield strain results are presented in Table 6.8. The single filament
materials followed a similar trend when it came to the yield stress, with the samples post
microwave treatment (31 MPa) showing a drop in the yield stress when compared to the untreated
samples (46 MPa). This drop places the MW PPwSiCWwPETG samples much closer to
unmodified PP (33 MPa) and the untreated PPwSiCWwPETG on par with the reinforcement that
was seen from the PETG inclusions (50 MPa) and the treated PPwSiC samples (52 MPa). Yield

Material
PPwSiCWwPETG
PPwSiCWwPETG
MW
PPwSiCWwPETGPETG
PPwSiCWwPETGPETG MW

Youngs
Modulus
(MPa)
629+79

Yield
Stress
(MPa)
46+2

Yield Strain
0.09+0.005

325+86

31+8

0.111+0.002

649+31

44+3

0.085+0.02

731+12

53+3

0.089+0.0015

Table 6.8: Summary of compression testing.
strain results were the opposite, with the treated samples (0.11) while reaching a yield point at a
lower stress, showing slight improvement when it came to the strain reached when compared to
the untreated samples (0.09). Compared to the other PP based materials, the treated samples
behaved very similarly to what was seen for all the PETG samples (0.11). Despite this, the neat
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PP still displayed the highest yield strain (0.14), which was most likely due to the lack of any
additives hindering chain movement during stress.
Regarding the binary systems, the results were a lot more similar to the trend that was seen
in Chapter 4 and 5. Both the untreated (44 MPa) and treated (53 MPa) PPwSiCWwPETG-PETG
materials displayed a yield stress greater or comparable to the PP-PETG (42 MPa) materials, and
like with the PPwSiC materials, yield stress was improved following microwave treatment. In this
regard, the MW treated binary system was comparable to the PPw1.4%PETG-PETG (54 MPa)
and PPw2.1%PETG-PETG (54 MPa) and placed it amongst the highest values from the fabricated
materials. However, much like how the strengthening effect from the PETG inclusions in Chapter
4 led to a decrease in the yield strain, so too was that the case here where both the MW
PPwSiCWwPETG (0.089) and the Non MW PPwSiCWwPETG (0.085) having yield strains lower
than what was seen with out unmodified PP-PETG system (0.10). This decrease in yield strain
seems to be specific or more pronounced from the presence of PETG, as the PP based materials
that were only reinforced with SiCW were not so negatively affected.
Finally, the toughness, calculated by measuring the area under the stress vs strain curve,
for these materials (Figure 6.23) illustrates results very similar to what was seen for the Young’s
Modulus results. For the single material, both MW (18 MPa) and Non MW (14 MPa) treated
samples were comparable or superior to neat PP (13 MPa), while the MW treated sample (19 MPa)
showed improvement when compared to the untreated binary samples (16 MPa). In this regard,
this improvement was similar to what was seen between PPwSiC MW (20 MPa) and its untreated
counterpart (13 MPa) following the MW treatment. Having said that, the toughest material remains
the PPwPETG-PETG systems with medium amount of PETG inclusions (21 MPa –
PPw2.1%PETG-PETG).
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Figure 6.23: Toughness Results.
6.3.9: Density Measurements.
Like in the previous chapters, the density was measured for our DMA samples. It is good
to note that the theoretical density for the PP-PETG sample using the bulk density values was 1.12
g/cm3. Based on the density of the three components and the volumetric ratio (97.6:2.4 PP to
SiCWwPETG mix), PPwSiCWwPETG should have a theoretical density of 0.93 g/cm3. The
results for the materials can be seen in Table 6.9. These results are very close to what was seen
from the 3D printed PP sample, (density of 0.66 g/cm3) and as such, the addition of the additive
did not increase the sintering level during the printing step.
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On the contrary, for the binary system, we see a significant improvement from the 3D
printed PP-PETG sample (Table 4.3, density of 0.77 g/cm3) which places it much closer to the
hybrid filaments from Chapter 4 (20% void for PPw0.7%PETG and PPw2.1%PETG-PETG). This
further reinforces the impact that the PETG additive has on the final structure.
% of Voids
(Compared to
Sample

Density (g/cm3)

Bulk)

PwSiCWwPETG

0.68

27.4

PETG (Bulk)

1.329

-

PP (Bulk)

0.91

-

SiC Whiskers

3.21

-

PPwSiCWwPETG-PETG

0.9

20

Table 6.9: Density Measurements for PPwSiCwPETG.
Finally, the density values were calculated for the materials before and after the microwave
treatment to determine the impact our treatment had on the overall sintering level for the printed
structure (Table 6.10). From these results we can see that on a macroscopic level, the level of
sintering following the MW treatment was not enough to affect the density to a measurable degree.
While the materials were successfully heated through this treatment, mechanical strengthening
was induced by increased chain mobility rather than coalescence from the printed polymer layers.
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% of Voids
Sample

Density (g/cm3) (Compared
to Bulk)

PwSiCWwPETG Pre-MW

0.68

27.4

PPwSiCWwPETG Post-MW

0.67

27.9

0.9

20

0.9

20

PPwSiCWwPETG-PETG PreMW
PPwSiCWwPETG-PETG PostMW

Table 6.10: Density Measurements Before and After MW.
6.4: Conclusions.
The following results can be derived as a result of our study reported in Chapter 6
•

PPwSiCWwPETG filaments were successfully fabricated with sufficient mechanical
properties for additive manufacturing processing

•

SEM Imaging illustrated that PETG minor phase remained on the SiC whisker inorganic
surface overall rather than migrate to the PP matrix

•

While MW treatment of pure PPwSiCWwPETG samples did not display visible
improvements following treatment in Storage Modulus results, DMA Loss Modulus and
Tan Delta results highlight increased mobility in the PETG minor phase following
additional heat treatment
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•

SiC whisker microwave localized heating allowed for additional time for PETG chains to
disentangle and strengthen the bond across the polymer interface for binary printed
samples. This was confirmed through both DMA and compressive testing
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CHAPTER SEVEN
CONCLUSIONS
7.1 Conclusions
Additive manufacturing is a very promising technology which has already touched a wide
variety of fields. It offers the ability to fabricate highly complex parts on demand to fit an
immediate need. As it stands in regards to polymer engineering, there are still quite a number of
obstacles to overcome such as overall mechanical properties when compared to traditional
manufacturing, the anisotropic nature of the process, as well as a limited selection of available
materials. Within the present dissertation we have focused on understanding the nature of these
problems as well as developing viable methods to resolve them.
In the first part of the study, Chapter 3, we focused on the issue as it pertains to both
printing with polypropylene, as well as the limiting nature that the dynamic heating and cooling
environment plays in restricting the technology itself. It was also in this chapter where we
introduced the PETG inclusions and hybrid filament as a method of improving mechanical
properties as well as overall print quality. This hybrid filament technique not only takes into
account an understanding in the factors that affect the final morphology of a polymer blend but
also utilizes fundamental polymer dynamics as they pertain to diffusion and polymer adhesion. By
utilizing a significant difference in viscosity between the major and minor phase materials we were
able to produce filaments with a standard phase size where significant amounts of PETG came to
the filament surface and were available for diffusion. We found that the properties of the PP based
system could be improved through the addition of PETG inclusions.
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In Chapter 4 we introduced the hybrid filaments to a binary system where the material
was printed alongside bulk PETG. Results from unmodified PP and PP-PETG can be seen in Table
7.1. It was found that the mechanical properties for the modified binary systems were significantly
improved when compared to the unmodified systems. These improvements were seen both from

PP
PP-PETG

Compressive Testing
Young's
Yield Stress
Yield
Toughness
Modulus (MPa) (MPa)
Strain
(MPa)
293
33.5
0.14
12.7
495
43
0.1
16.6

DMA - Storage Modulus
(MPa)
25 °C
1113
1187

Table 7.1: Summary of unmodified PP and PP-PETG properties
DMA as well as compressive testing, with overall print quality also improved as seen from a
reduction in void space in the prints. Chapter 5 is where we sought to extend the time above which
diffusion is able to occur in the printed system through the addition of MW absorbent SiCW which
served as localized heating elements. The results show clear improvements following MW
treatment without sacrificing the structural integrity of the printed samples. Chapter 6 is the
culmination of these ideas as SiCWs are mixed with PETG and blended with the PP matrix.
Through this combination we are able to manipulate the morphology of the PPwSiCWwPETG
system much like how we controlled the location of the minor phase in the PPwPETG systems, as
well as utilize the MW absorbent effect provided by the SiCWs addition.
In summary, the results from this work can be separated as they pertain to polypropylenebased materials as well as the binary systems present (Table 7.2). From these results we can see
that for the PP based systems, the presence of SiCW was crucial in serving as a reinforcement
agent, in particular following the MW treatment. The PPwSiCW Silane MW material not only had
superior properties when it came to compressive and DMA testing, but it also had the lowest level
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of void space which indicates a superior print quality. For the binary system, the medium level
additions of PETG (1.4% and 2.1%) gave the best mechanical properties when it came to
compressive testing, which highlights the careful balance that must be struck between the presence
of PETG minor phase and mitigating the anchoring effect we are employing. In DMA testing, the
room temperature results showed the greatest improvement was seen from the PPwSiCWwPETGPETG MW, which once again reinforces the impact that the additional heating time provided for
polymer diffusion. This is especially impressive given the lack of change from a density point of
view, which indicates a lack of coalescence on a macroscale. The improvements seen here are
directly from the polymer chains strengthening the polymer interface. This dissertation introduces
a novel methodology to not only control the structure of future polymer-based hybrid filaments,
but also to successfully employ them for improved performance as it pertains to additive
manufacturing.
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Summary
Property

Young's Modulus (MPa)

Yield Stress (MPa)

Yield Strain

Toughness (MPa)

Storage Modulus @ 25 °C

PP Based

Binary System

PPwSiCWwPETG

PPw2.1%PETG-PETG

(629)

(738)

PPwSiC Silane

PPw2.1%PETG-PETG

MW (52)

(54)

PPwSiC Silane

PPw1.4%PETG-PETG

(0.14)

(0.1)

PPwSiC Silane

PPw2.1%PETG-PETG

MW (19.6)

(20.3)

PPwSiC Silane

PPwSiCWwPETG-

MW (1641)

PETG MW (1775)

Table 7.2: Greatest improvement for various polymer systems based on method of testing
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CHAPTER EIGHT
FUTURE WORK
Although this body of work establishes a successful methodology for the fabrication of a
hybrid filaments, both using PETG minor phase as well as SiCW, there are still related
scientific/engineering questions that could be the basis of future work. For one, the main
methodology that was used to control the phase size of the minor phase related to the viscosity
ratio that was established between polypropylene and PETG. As viscosity also plays a crucial role
in effective sintering and polymers’ ability to coalesce, the extent to which this factor can be
manipulated in an additive manufacturing process could be further expanded. The difference in
viscosity will not only affect the dispersal of the minor phase but also the overall ability of the
polymer layers to fuse together on a more macroscopic level. As viscosity is inherently tied to
overall molecular weight, how these changes affect chain mobility should also be considered.
The idea of combining MW absorbent additive with the minor phase could be expanded
with other polymer systems as well as other dielectric materials. While SiCW is an excellent
material for this work, there exist a wide range of possible reinforcement agents which could be
utilized that would affect effective heat transfer as well as alleviate some of the anisotropic effects
that are so prevalent from the additive manufacturing process. Beyond simply utilizing other
polymer systems, it would also be of particular interest to target other functionalities when it comes
to additive manufacturing, whether it is to make conductive materials or those better suited for
biological applications. Finally, the role that temperature plays on the printing process is severely
understated and studies into additional methods into extending the time above critical temperatures
should be explored.
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